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SOME EFFECTS OF SUBSTITUTING THE DEOXYRIBONUCLEIC ACID 
OF ISOLATED NUCLEI WITH OTHER POLYELECTROLYTES* 
By V. G. Aturrey anp A. E. Mirsky 
LABORATORIES OF THE ROCKEFELLER INSTITUTE, NEW YORK CITY 
Communicated July 30, 1958 


In previous studies of the synthetic capacities of cell nuclei (isolated in sucrose 
from calf thymus tissue) it was observed that the removal of the deoxyribonucleic 
acid from the nucleus is accompanied by a striking loss of biochemical function. 
Isolated nuclei treated with deoxyribonuclease (DNAase) lose much of their 
capacity to incorporate amino acids into proteins or purine and pyrimidine pre- 
cursors into nuclear ribonucleic acids.':? This loss of activity which accompanies 
DN Aase treatment of the nuclei can be overcome to a considerable extent by adding 
back a deoxyribonucleic acid supplement. One then observes an apparent restora- 
tion of the nuclear capacity to incorporate C'*-labeled amino acids into chromo- 
somal proteins, and adenosine-8-C'* into nuclear RNAs. 

Since the uptake of amino acids is an aerobic phenomenon and depends on the 
nuclear synthesis of adenosine triphosphate,* the results suggested that DN Aase 
treatment might impair the capacity of the nucleus to synthesize ATP. This was 
found to be the case: nuclei treated with DNAase show a great decrease in their 
rate of ATP formation, and the addition of a DNA supplement to the treated nuclei 
permits ATP synthesis to continue.4 It was concluded that, in a broad sense, the 
DNA of the intact nucleus could be considered a “cofactor,”’ the presence of which 
is necessary for the nucleus to carry out aerobic phosphorylation. The failure of 
DN Aase-treated nuclei to incorporate amino acids is in all probability a reflection 
of the fundamental change in their ATP content. 

It was soon found that the restoration of amino acid uptake in DN Aase-treated 
nuclei in the presence of a nucleic acid supplement is a non-specific effect: DNAs 
from calf tissues other than the thymus and from widely diverse species, DNAs 
which are denatured and partially degraded, and even ribonucleic acids all showed 
a general capacity to promote amino acid incorporation into the proteins of DN A- 
ase-treated nuclei. The lack of specificity is emphasized by the finding that 
enzymatically synthesized polyadenylic acid could also replace the nuclear DNA 
in this isolated system.‘ 

On the other hand, it was found that no such effects were obtained when one 
added RNA hydrolyzed in dilute alkali to yield its component nucleotides. Nor 
did mixtures of mononucleotides, mononucleosides, or free purine and pyrimidine 
bases show any effect. ATP and several dinucleotides also failed to promote 
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amino acid uptake by the DNAase-treated nuclei. Of particular interest was the 
observation that adenylic-adenylic dinucleotide failed under conditions where 
polyadenylic acid was effective, suggesting the need for a relatively large poly- 
anionic molecule. 

The present paper is concerned with further observations on the loss of function 
which accompanies DN Aase treatment of isolated nuclei. It will be shown that 
other polyanionic molecules will replace a large part of the DNA in isolated nuclei 
without impairing amino acid incorporation into protein, adenosine-8-C'* in- 
corporation into RNA, or ATP synthesis. It has been found that polyanions such 
as the polyethylene sulfonates, heparin, and chondroitin sulfate will replace DNA 
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Fig. 1.—-The effect of deoxyribonuclease on the DNA content of isolated calf thymus 
nuclei. All flasks contained 1.0 ml. of nuclear suspension (50 mg. nuclei, dry weight) and 
0.4 ml. of 0.1 M glucose containing 3.75 mg. NaCl and 4.19 mg. MgCl.-4H,O per ml. 
“Control’’ flasks received 0.5 ml. of 0.1 M sodium phosphate and 0.25 M sucrose buffer 
at pH 6.7. Other flasks received this buffer containing the indicated amounts of crystal- 
line pancreatic deoxyribonuclease. (Enzyme concentrations in the buffer ranged from 
0.125 to 4.0 mg./ml.) The suspensions were incubated with shaking (100 cycles/minute ) 
at 37° for 30 minutes, and then (1) analyzed for their acid-soluble DNA content (upper 
curve), or (2) the nuclei were centrifuged down and the supernatant analyzed for the DNA 
released to the medium (lower curve). 


in this way, and it may be concluded that the effects observed are not limited to 
nucleotide polymers. Some implications of these experiments which bear on the 
importance of electrical charge to chromosome structure and DNA function are 
discussed. 
Effect of Deoxyribonuclease on Isolated Thymocyte Nuclei.—When isolated nuclei 
are suspended in a buffered sucrose medium and exposed to the action of pancreatic 
deoxyribonuclease, the action of the enzyme can be followed in several ways. First, 
the release of depolymerized deoxyribonucleic acid into the medium can be deter- 
mined by centrifuging down the nuclei and analyzing the supernatant fluid. Sec- 
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ond, the whole suspension can be analyzed for the amount of DNA made acid- 
soluble by the action of the enzyme. Third, the nuclei may be centrifuged down 
and their residual DNA content determined by the diphenylamine reaction. 

All three methods have been used in determining the extent of DNA degradation 
and loss which accompany DN Aase treatment of isolated thymocyte nuclei. Some 
of the relationships between enzyme concentration and changes in nuclear DNA are 
illustrated in Figure 1. In these experiments 50 mg. (dry weight) of nuclei were 
treated with the indicated amounts of crystalline pancreatic DN Aase for 30 minutes 
at 37° C. (under the conditions described in detail in the legend). It can be seen 
that high concentrations of the enzyme can depolymerize and release a large part of 
the nuclear DNA. The “exposed” nature of the isolated nucleus, which makes 
possible its penetration and attack by DNAase and other enzymes, contrasts with 
the impermeable nature of intact whole cells, which are resistant to DN Aase treat- 
ment.” 

Although crystalline DNAase (Worthington) was used, the actual amount of 
DNA released or rendered acid-soluble at a given enzyme concentration also de- 
pends to a large extent on the particular enzyme preparation used and on the state 
of the isolated nuclei. In the incorporation experiments to be described below, 
nuclear suspensions (containing about 50 mg. of nuclei in a volume of 1.9 ml.) were 
treated with 1 mg. of DNAase for 30 minutes at 37°. On the average, this treat- 
ment rendered 74 per cent of the DNA acid-soluble (range 61-93 per cent). If no 
other polyanions were present during the course of enzyme activity, about 72 
per cent of this depolymerized DNA was lost into the medium. 

Effect of Polyelectrolytes on DN Aase Activity—The presence of polyelectrolytes in 
nuclear suspensions exposed to DNAase may modify the activity of the enzyme or 
change the composition of the nucleus, depending on the charge of the polyelec- 
trolyte. 

Polycationic substances such as protamine or polylysine, which carry a net 
positive charge at neutral pH values, are capable of forming salts with the nega- 
tively charged DNA of the nucleus. The presence of these substances during 
DN Aase-treatment leads to a lower yield of depolymerized DNA (Table 1, Expt. 
A). This effect is due presumably to a shielding of the DNA molecules which 
prevents their attack by the enzyme. 

On the other hand, polyanionic substances such as polyethylene sulfonate, 
heparin, and chondroitin sulfate, do not appear to inhibit DN Aase activity in this 
system (Table 1, third col.). It can be seen that the amount of DNA made acid- 
soluble is not diminished by the addition of these negatively charged substances. 
Moreover, measurements of the release of depolymerized DNA into the medium 
(Table 1, fourth col.) show that more DNA is lost from nuclei treated with poly- 
anions + DNdAase than from nuclei treated with DNAase alone. Thus the poly- 
anion appears to displace some of the depolymerized nucleic acid from sites in the 
nucleus. The more polyanion added, the greater this displacement (Table 1, 
Expt. E). 

It can be shown that added polyanions actually enter into and remain bound to 
DN Aase-treated nuclei. Some functional tests, which demonstrate such replace- 
ment of the nuclear DNA by other molecules, are described below, but more direct 
chemical tests, which measure the capacity of the DN Aase-treated nucleus to bind 
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added RNA and DNA, have also been carried out. Some of these experiments are 
summarized in Table 2. In Experiment A, C'*-labeled RNA was added to DNA- 
ase-treated nuclei, and the amount of label taken up was subsequently measured. 
It can be seen that when 52.2 mg. of nuclei (containing 13.1 mg. DNA) were 
treated with 1 mg. DNAase for 30 minutes at 37°, 9.3 mg. (71 per cent) of the 
DNA was made acid-soluble and 6.3 mg. (48 per cent) was lost into the medium. 


TABLE 1 
EFFECT OF POLYELECTROLYTES ON DNAASE ACTIVITY 
(Tested on Nuclear Suspensions) 

DNA Made DNA Lost 

Amount Acid-soluble to Medium 
Expt. Compound Added (Mg.) (Per Cent of Total) (Per Cent of Total) 
No supplement oe 79.0 54. 
Polyethylene sulfonate 5 75.0 68. 
A< Heparin 5 80.0 69. 
Protamine 5 66. 33. 
Polylysine 5 58. 30. 
B { No supplement .s 78. 60. 


— a) 


Polyethylene sulfonate 5 81 76 
c No supplement 61. 43. 
| Polyethylene sulfonate 55. 


No supplement 
D4 
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Polyethylene sulfonate 
Chondroitin sulfate 
‘No supplement 
BY Polyethylene sulfonate 
Polyethylene sulfonate 


TABLE 2 
BINDING OF ADDED Nucieic Acip BY DNAASE-TREATED NUCLEI 

ADDED 
Nvc.eic 

DNA Acip 

Weignr CoNnrTENT DNA Mave DNA Lost BounpD 

OF OF Acip-SoLuBLeE TO MEDIUM To 
ComPpouND Amount NUCLEI NUCLEI Per Cent Per Cent Nvuc.er 
Expt. ADDED (Ma.) (Ma.) (Ma.) Mg. of Total Meg of Total Ma.) 


A C' Yeast RNA 5.0 52.2 13. 9.% 71. 6.3 48.0 1.73 
(Thymus DNA 5.0 44.6 3 ee ) : 1.60 
Thymus DNA 10.0 44.6 11.: 6 7 ; 2.00 
Denatured 

Thymus 

B DNA 5.0 44.6 11.2 ) 7. ; , 1.90 

Denatured 

Thymus 

DNA 10.0 44.6 te 6 0 sl 2.40 
lyon RNA 5.0 44.6 oe 6 0 sti i 1.70 
Yeast RNA 10.0 44.6 11.: 7.0 3.00 


At this point the nuclei were centrifuged down, discarding the supernate, and re- 
suspended in the presence of 5.0 mg. of C'*-labeled yeast RNA. After 30 minutes 
at 37°, the nuclei were centrifuged down, washed with the incubation medium—cold 
2 per cent perchloric acid, ethanol, and ether—and their radioactivity was measured. 
It could be calculated that they had incorporated 34.5 per cent, or 1.73 mg., of the 
total added C'*-RNA. (Since these nuclei had lost 6.3 mg. of DNA, only 27.5 
per cent of the loss had been replaced.) 

In similar experiments (see Table 2, Expt. B) DNA, denatured DNA, or RNA 
was added to DNAase-treated nuclei, and the nuclei were subsequently analyzed 
for their nucleic acid content. It can be seen that all three nucleic acids were taken 
up and that the quantity bound increases with increasing nucleic acid concentration 
in the medium. 
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Effect of Added Polyelectrolytes on Amino Acid and Adenos ne Incorpcration into 
Proteins and Ribonucleic Acids of DN Aase-Treated Nuclei—When nuclei are 
treated with deoxyribonuclease and subsequently given a supplement of DNA, 
RNA, or other polyelectrolytes, their capacity to incorporate amino acids into 
proteins, or adenosine-8-C' into nuclear RNAs, will change, depending upon the 
charge of the polyelectrolyte added. 

It has been shown previously that the capacities for incorporation of several 
different amino acids and of orotic acid can all be restored by a variety of DNAs and 
RNAs?’ and that polyadenylic acid, too, could “restore’’ alanine-1-C'* and leucine-2- 
C' uptake in nuclei depleted of their DNA.* In more recent experiments, other 
polyelectrolytes have been tested for their ability to replace the original DNA of 
the isolated DN Aase-treated nucleus. Some of these experiments are summarized 
in Table 3. The procedure in these tests was as follows: nuclei were incubated in 


TABLE 3 

EFFECT OF SUPPLEMENTARY POLYELECTROLYTES ON ALANINE-I-C!* aND ADENOSINE-8-C!4 Up?rakE 

INTO THE PROTEINS AND RrBonucLerc Actps or DNAASE-TREATED NUCLEI 
Speciric ACTIVITY OF NUCLEAR 
PROTEIN OR RNA 
Treated Recov- 
DN Aase- Nuclei ERY OF 
“Control” treated + Sup- Activiry Activity Lost 
Nuclei Nuclei plement Lost REGAINED ACTIVITY 
SUPPLEMENT (Cpm/ (Cpm/ (Cpm (Cem / (Cem (PER 
TestTep* C'4- PRECURSOR Mg) Mg) Me) Ma) Ma) CENT) 
. Calf thymus Alanine-1-C!* 92 54 81 38 27 71 
DNA 
Calf liver RNA Alanine-1-C' g2 54 80 38 26 68 

2. Thymus DNA = Alanine-1-C'* 450 167 273 283 106 38 
Yeast RNA Alanine-1-C!* 450 167 302 283 135 48 
Polyadenylic Alanine-1-C!* 450 167 263 283 96 34 

acid 

3. Thymus DNA — Adenosine-8-C!4 , 550 1,510 3,230 3,040 1,720 57 

. Thymus DNA _Alanine-1-C'* 229 30 83 199 53 27 
Heparin Alanine-1-C!# 229 30 122 199 92 46 
Chondroitin Alanine-1-C' 229 30 74 199 44 22 

sulfate 
Polyethylene Alanine-1-C'4 229 30 138 199 108 
sulfonate 
(MW 27,600) 
Polyethylene Alanine-1-C'* 229 199 
sulfonate 
(MW 12,900) 
Polyethylene Alanine-1-C!4 229 : 199 
sulfonate 
(MW 5,900) 

5. Thymus DNA _ Adenosine-8-C'* — 2,900 2,18 1,640 890 
Polyethylene Adenosine-8-C'* — 2, 900 2,56 1,640 1,300 

sulfonate 
(MW 12,900) 

}. Nosupplement Alanine-1-C'* 
Polylysine Alanine-1-C!! 
Protamine Alanine-1-C!* 
Serum albumin Alanine-1-C!* 


187 ; 
(43) —19 
57 (178) —15 
87 (195) 15 


to bo bo bo 


* 5 mg. added in all cases. 


the presence of DN Aase for 30 minutes at 37°. They were then centrifuged down, 
discarding the supernate, and resuspended in the incubation medium containing a 
radioactive precursor (either alanine-1-C' or adenosine-8-C™) plus the added 
polyelectrolyte. The nuclei were incubated at 37° for 60 minutes, and their protein 
or RNA was then prepared for counting as previously described.?: 5 The specific 
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activity of the protein or RNA in such “‘supplemented”’ nuclei was then compared 
with the corresponding activities of DN Aase-treated nuclei which had not received 
any supplement and also with the activities of ‘“control’’ nuclei which had not been 
treated with deoxyribonuclease but which had been incubated, centrifuged, resus- 
pended, and reincubated in the same way (both with and without added polyelec- 
trolyte). 

It can be seen that DN Aase treatment greatly impairs the capacity of the nucleus 
for subsequent amino acid or adenosine incorporation. But polyanions, beginning 
with DNA and including RNA, polyadenylic acid, heparin, chondroitin sulfate, and 
three molecular sizes of polyethylene sulfonate (PS) (molecular weights 27,600, 
12,900, and 5,900) all permit a definite improvement in these nuclear functions. 
It is evident that there is no specific requirement for a molecule of polynucleotide 
nature. 

The importance of negative charge is emphasized by the results of similar experi- 
ments in which polycations, such as polylysine and salmon protamine, were added 
to DNAase-treated nuclei. Not only did such compounds fail to “restore”? amino 
acid incorporation in DNA-depleted nuclei, but polylysine also seriously inhibited 
amino acid uptake by “control” nuclei which retained their original DNA content. 
Added serum albumin, serum globulin, or mixed plasma proteins have no effect on 
amino acid uptake by DN Aase-treated nuclei. 

It should be mentioned in passing that citrate ions are added to inhibit further 
DNAase action during the uptake phase of these experiments. With citrate 
present, a 55-fold variation in DN Aase concentration (0.02—1.10 mg.) in this stage 
makes no difference to the results obtained. In other tests, diphenylamine analyses 
for the acid-insoluble DNA content of the nuclei at the end of the experiment 
showed no significant differences between polyethylene sulfonate—supplemented 
nuclei and those not receiving added PS. 

When restoration experiments are carried out in the above way, first treating 
with the enzyme and later adding a polyanion supplement, one usually observes 
that only a part of the lost nuclear activity is recovered. A DNA or RNA supple- 
ment will often restore about 70 per cent of the lost activity, but recoveries are 
sometimes as low as 30 per cent. 

DNA Substitution.—On the premise that the removal of the DNA followed by a 
continued and prolonged incubation would lead to instability and irreversible 
changes in the state of the chromosomes, attempts were made to stabilize nuclear 
structure by substituting other polyanions for the DNA at the time of its removal. 

It was shown above that the presence of polyethylene sulfonate (PS) during 
DN Aase-treatment does not inhibit the enzyme—on the contrary, it actually dis- 
places some depolymerized DNA from sites in the nucleus. This made it possible 
to compare the effects of this polyanion when present during DN Aase digestion with 
its later effects when added as a supplement during the uptake phase of the experi- 
ment. 

Such a comparison is given in Table 4, Experiment A. The procedure in these 
tests was as follows: nuclei were treated with DNAase in the usual way. In some 
flasks polyethylene sulfonate was present during this digestion; in others it was not. 
In either case, the nuclei were centrifuged down and resuspended in incubation 
medium containing a radioactive precursor (alanine-1-C' or adenosine-8-C"), 
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TABLE 4 
IMMEDIATE AND DELAYED SUBSTITUTION OF NUCLEAR DNA By POLYELECTROLYTES 
(Comparative Effects on Alanine-1-C'! and Adenosine-8-C'! Incorporation) 
Speciric AcTIVITY OF Speciric ACTIVITY or 
NUCLEAR PROTEIN Nuctear RNA—— 
Per Cent Per Cent 
PROCEDURE Cpm/Mg of Control Cpm/Mg of Control 
A. “Control” nuclei 401 100.0 2,900 100.0 
DN Aase-treated nuclei* 142 35.7 , 260 43.4 
ee nuclei, later given 5 mg. 221 55.1 2,150 74.1 
DNA 
DN Aase-treated nuclei, later given 5 mg. 308 76.8 2,560 88.3 
PST 
Nuclei exposed to PS during DNAase 412 102.7 3, 220 111.0 
treatment 
. “Control” nuclei 100 
DN Aase-treated nucleif 24 ( 
DN Aase-treated nuclei, later given 5 mg. 67 
PS 
Nuclei exposed to PS during DN Aase- é 100 
treatment 
Above nuclei, later given 5 mg. PS 92 
. “Control” nuclei : 100 
“Control” nuclei + 5 mg. polylysine 78. 28. 
“Control” nuclei + 5 mg. protamine 80. 
DN Aase-treated nuclei§ 8 30 
Nuclei exposed to 5 mg. polylysine during ( 24.; 
DN Aase treatment 
Nuclei exposed to 5 mg. protamine during 
DN Aase treatment || 
Nuclei exposed to 5 mg. heparin during 
DN Aase treatment 
Nuclei exposed to 5 mg. PS during 
DN Aase treatment 
* 61 per cent of DNA made acid-soluble. 
+ PS = polyethylene sulfonate, MW 12,900. 
$59 per cent of DNA made acid-soluble. 
$79 per cent of DNA made acid-soluble. 
| Only 66 per cent of DNA made acid-soluble when protamine was present. 


For purposes of comparison, nuclei which had not been exposed to polyethylene 
sulfonate were then divided into two groups, one of which received a PS supplement, 
and the other did not. A similar division was made for the nuclei which had been 
treated with PS and for the ‘‘control’’ nuclei (these were not exposed to DNAase 
action). All the nuclei were then incubated for 60 minutes at 37°, and their protein 
or RNA prepared for counting. 

A comparison of the specific activities of protein and RNA obtained under these 
different conditions shows that if polyethylene sulfonate is present at the time the 
DNA is removed, one obtains a nucleus which is the functional equivalent of ‘‘con- 
trol’? nuclei whose DNA is still intact. In the experiment cited, 61 per cent of the 
DNA had been depolymerized by the action of the enzyme, and (with polyethylene 
sulfonate present) 55 per cent of the DNA was lost into the medium. Yet such 
nuclei, despite the loss of more than half their DNA, still seem fully normal with 
respect to their capacity for amino acid and adenosine incorporation. The presence 
of polyethylene sulfonate at the time the DNA is removed seems to stabilize and 
protect the synthetic systems involved in such uptake. If under the same condi- 
tions one adds the polymer after DN Aase digestion, only about 70 per cent of the 
nuclear activity is recovered. 

Similar experiments, in which heparin and chondroitin sulfate were present during 
DN Aase-digestion, gave essentially the same results (Table 4, Expt. C). Thus 
pelyanions which by virtue of their charge can substitute for the DNA of the 
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nucleus at the time of its removal, yield a nucleus which compares very favorably 
with nuclei whose DNA is still intact. Such effects are not obtained with added 
polycations, such as protamine or polylysine. 

The relationship between the amount of polyethylene sulfonate present during 
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Fic. 2.—The effect of replacing nuclear DNA by increasing 
amounts of polyethylene sulfonate. All flasks contained 1.0 ml. 
of nuclear suspension (43 mg. of nuclei) and 0.4 ml. of 0.1 M 
glucose containing 3.75 mg. NaCl and 4.19 mg. MgCl.-4H,O 
per ml. plus the indicated amounts of polyethylene sulfonate. 
“Control” flasks received 0.5 ml. of 0.1 M sodium phosphate and 
0.25 M sucrose buffer at pH 6.7. Other flasks received this buf- 
fer containing 1.0 mg. of crystalline DN Aase. 

After 30 minutes at 37°,-the nuclei were centrifuged down and 
resuspended (using 0.5 ml. of buffer + 0.4 ml. of glucose solution) 
and added to flasks containing 1.0 ml. of 0.25 M sucrose and 
0.003 M CaCl, with 2.94 mg. sodium citrate-2H.O per ml., and 
0.1 ml. of pt-alanine-1-C' solution (0.05 mg. alanine, Sp. Act. 
1.4 me/mM). 

After 60 minutes at 37° the nuclear protein was prepared for 
counting. The total counts incorporated (ordinate) are plotted 
against the amount of polyethylene sulfonate present during the 
initial DN Aase digestion. 


DNAase digestion and the subsequent capacity of the nucleus for alanine-1-C™ 
incorporation is illustrated in Figure 2. In these experiments aliquots of a nuclear 
suspension (43 mg. in 1.9 ml.) were treated with 1.0 mg. of deoxyribonuclease in the 
presence of the indicated amounts of polyethylene sulfonate (MW 12,900). After 
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30 minutes at 37° the nuclei were centrifuged down and resuspended in the incuba- 
tion medium containing alanine-1-C'*. The uptake phase lasted 60 minutes, at 
which time the nuclear protein was prepared for counting. The total counts in- 
corporated into protein are plotted against the amount of PS present during the 
initial DN Aase-digestion. In all cases, regardless of the concentration of PS, 73 
per cent of the DNA was made acid-soluble. It can be seen that nuclei given 3-4 
mg. of polyethylene sulfonate reached a peak activity actually exceeding that of the 
“controls,” despite the loss and removal of 60-65 per cent of their DNA content. 

Effect of Polyethylene Sulfonate on Nuclear ATP Synthesis.—Since amino acid 
uptake in the nucleus requires the synthesis and utilization of ATP,*: * the above 
results suggested that polyethylene sulfonate would also restore the AT P-synthesiz- 
ing capacity of nuclei which had lost this ability as a result of DN Aase treatment.‘ 
Because amino acid incorporation experiments (Table 4) indicated a clear advantage 
in adding the PS at the time the DNA is removed, rather than later, the experiments 
were carried out this way. Aliquots of a nuclear suspension were treated with 
DNAase in the usual manner. In some flasks polyethylene sulfonate (5 mg.) was 
added to the nuclei; in others it was absent. After 30 minutes at 37° the nuclei 
were centrifuged down and resuspended in the incubation medium. They were 
incubated at 37° for 30 minutes. At that time they were centrifuged and extracted 
with cold 2 per cent HCIO,. The nucleotides present in the acid extract were then 
separated by chromatography on Dowex-1 (formate) by a modification of the 
technique of Hurlbert e¢ al.*: ® 

A comparison of the ATP peaks obtained from these different nuclear extracts 
showed that DN Aase-treated nuclei had only 20 per cent of the ATP content of the 
corresponding “controls’’ (8.7 wg. of ATP per 100 mg. of DN Aase-treated nuclei; 
43.7 wg. of ATP per 100 mg. of “control” nuclei). In contrast, nuclei given poly- 
ethylene sulfonate at the time of DNA removal contained 49.8 yg. of ATP per 100 
mg., or 14 per cent more ATP than the controls. 

In the experiment cited, 81 per cent of the DNA had been depolymerized by the 
action of the enzyme, and 76 per cent was lost into the medium. 

Thus the nuclear capacity for ATP synthesis, like those for amino acid and 
adenosine incorporation, can be preserved by adding a polyanion of non-nucleotide 
nature. This makes it unlikely that the conversion of AMP to ATP which oceurs 
in the isolated nucleus involves the formation of an intermediate complex with the 
phosphate groups (or the bases) of the deoxypolynucleotide. . 

In considering mechanisms of nuclear ATP synthesis, the possibility arose that 
the appearance of ATP in this system might be an indication of polynucleotide 
breakdown to yield the nucleoside di- or tri-phosphates. This could result from the 
action of enzymes similar to the polynucleotide phosphorylases described by 
Grunberg-Manago and Ochoa’ and by Kornberg and co-workers.’ Several lines of 
evidence make this improbable: (1) the action of the polynucleotide phosphoryl- 
ases is not oxygen-dependent; yet the formation of ATP by the nucleus requires the 
presence of oxygen. Furthermore, added polynucleotide does not restore ATP 
synthesis in DN Aase-treated nuclei under anaerobic conditions. (2) The enzymatic 
breakdown of DNA by enzymes similar to those described by Kornberg* would 
yield deoxyribo-ATP rather than the ribose derivative. (3) The ability of poly- 
ethylene sulfonate to substitute for the DNA in restoring ATP synthesis argues 
strongly against a mechanism requiring polynucleotide phosphorolysis. 
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It should be stressed that in the intact nucleus it is the presence of DNA which 
makes possible the conversion of AMP to ATP; that DNA is required for the in- 
corporation of amino acids into proteins and for the uptake of adenosine into RNA. 
Protein and RNA synthesis is, of course, dependent on the nuclear capacity for 
ATP synthesis, but the fact remains that all these functions in the living nucleus are 
DNA-dependent. The question which now arises concerns the significance and 
interpretation of DNA substitution experiments. 

DNA Charge and Chromosome Structure and Function.—The preceding experi- 
ments have shown that it is possible to remove up to 76 per cent of the DNA of 
isolated thymus nuclei and to substitute other negatively charged molecules for the 
missing nucleic acid. This substitution, if properly carried out, yields a completely 
normal nucleus, as tested by its capacity for ATP synthesis, amino acid incorpora- 
tion into protein, and adenosine uptake into RNA. The original observations that 
other polynucleotides would replace DNA in the nucleus have now been extended 
to include the polyethylene sulfonates, heparin, and chondroitin sulfate. 

While these experiments were in progress, there appeared a brief preliminary 
report by Sekiguchi and Sibatani,® describing the effects of DNAase treatment on 
P** (orthophosphate) incorporation into the deoxyribonucleic acid of isolated rabbit 
appendix nuclei. In these nuclei, removal of 70-80 per cent of the DNA almost 
completely abolished the incorporation of P*? into DNA and RNA. The addition 
of a DNA supplement or of chondroitin sulfate both restored activity. The effect 
of DN Aase on P* uptake is thus in accord with earlier observations of the inhibition 
of thymidine-2-C* uptake into the DNA of rabbit thymus nuclei.” 

In tests of amino acid or adenosine uptake the substitution of the DNA by other 
polyelectrolytes is effective only in the case of polyanions. Added polycations, 
such as polylysine and protamine, do not restore function to nuclei depleted of 
their DNA. On the contrary, the addition of polylysine to “control” nuclei (which 
still retain their DNA) greatly inhibits amino acid uptake into nuclear protein. 
Much of this uptake represents incorporation into the proteins of the chromosome,’ 
and the dependence of uptake on charge indicates that electrical charge is one of the 
main variables involved in chromosome activity. 

The experiments described suggest that a pattern of negative charge is correlated 
with the biochemical activity of the chromosome. Further tests of this hypothesis 
are now in progress. If it is sustained, it may be possible to demonstrate that one 
role of the basic proteins (histones and protamines) in the organization of the 
chromosome is to reduce or control chromosome function by masking the negative 
charges of the DNA. 

One aspect of the DNA substitution experiments which is important to their 
interpretation concerns the role of the residual DNA which remains in the nuclei 
even after prolonged incubation at high DNAase concentrations. About 25 per 
cent of the DNA is not removed under the best conditions employed in the above 
experiments. (However, much of this residual DNA has been partially depoly- 
merized, and is soluble in acid.) Because this polynucleotide residue remains, one 
cannot conclude on the basis of substitution experiments that any polyanion is as 
effective as DNA in stabilizing chromosome structure or mediating chromosome 
function. Yet it is surprising that, given an organized nucleus, more than two- 
thirds of the DNA can be removed and replaced by a simple polymer such as poly- 
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ethylene sulfonate, without apparent damage to three fundamental nuclear activi- 
ties. 

Summary.— Up to 75 per cent of the deoxyribonucleic acid of isolated thymocyte 
nuclei can be removed by incubation with pancreatic deoxyribonuclease. Nuclei 
so depleted of their DNA lose their capacity for ATP synthesis, for amino acid 
incorporation into protein, and for adenosine uptake into nuclear RNAs. 

The addition of polyanions after DNAase treatment restores much of the bio- 
chemical activity of the nucleus. If polyanions are present at the time the DNA 
is removed, one can substitute for more than two-thirds of the DNA without any 
apparent loss of activity. The polyanions tested include DNAs, RNAs, and 
polyadenylic acid and non-nucleotides such as polyethylene sulfonate, heparin, and 
chondroitin sulfate. Added polycations, such as protamine or polylysine, do not 
restore function to DN Aase-treated nuclei. Moreover, polylysine when added to 
“control” nuclei (whose DNA is still intact) greatly inhibits amino acid uptake into 
nuclear protein. The findings suggest a correlation between negative charge and 
the biochemical activity of the nucleus. 


We are greatly indebted to the Research Laboratories of the Upjohn Company, 
Kalamazoo, Michigan, for the gift of the polyethylene sulfonates used in these 
experiments, and to Dr. Severo Ochoa for supplying enzymatically synthesized 


polyadenylic acid. It is a pleasure to acknowledge our thanks to Mr. Rudolf 
Meudt for his careful and expert technical assistance. 
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A NEW WAY FOR THE SYNTHESIS OF 3-AMINO SUGARS* 
By Hans Hetmvut Baer AND HERMANN O. L. FISCHER 
DEPARTMENT OF BIOCHEMISTRY, UNIVERSITY OF CALIFORNIA, BERKELEY 4, CALIFORNIA 
Communicated August 14, 1958 

It was found ten years ago that 1,2-acetone-p-xylo-trihydroxyglutaric dialdehyde, 
a partly blocked dialdehyde of the pentose series, could be condensed with nitro- 
methane and gave, in several steps, in good yield a mixture of nitro-deoxy-in- 
ositols.'. This formation of a six-carbon ring made possible the chemical trans- 
formation of p-glucose into myo-inositol.” 





992 BIOCHEMISTRY: BAER AND FISCHER Proc, N. A. S. 


Recently we observed that there exists a similar tendency preferentially to form 
six-membered rings when we condensed a dialdehyde (I) produced according to 
E. L. Jackson and C. 8. Hudson* by the action of 2 moles of sodiumperiodate on 
methyl-8-L-arabinopyranoside with nitromethane,‘ the ring being formed by 5 
carbon and 1 oxygen atoms: 


HC—OCH; HC—OCH; HC—OCH; HC—OCH; 


CHO cuH:no, CHOH CHOH , CHOH 
acslcaka 


NaOCH, =C=NO,Na CHNO, CHNH, 


CHO CHOH CHOH CHOH 


CH.O CHjO——! CH.O CHO 
I II Ill IV 


In other words, in the pyranoside the original CHOH in position 3 was replaced by 
CHNOdz, thus producing 3-nitro-3-deoxy-glycosides, a new class of sugar derivatives. 
Apparently a twofold condensation of one mole of nitromethane with both aldehydo 
groups of the dialdehyde took place rather than condensations of nitromethane 
with each aldehydo function, even when nitromethane was present in excess. 

The reaction yields the expected mixture of 3-nitro-pyranosides out of which one 
isomer could be isolated as a crystalline sodium salt (II) in a yield of about 40 per 
cent. Upon catalytic hydrogenation of the free nitro compound (III), we obtained 
a crystalline methyl-3-amino-3-deoxy-pentoside (IV) (m. p. 189°, [a]p = +63.5°, 
in water). B. R. Baker and R. E. Schaub® found for methyl-3-amino-3-deoxy--L- 
xylopyranoside m. p. 192-193 and [a]p = +61.4, in water. Furthermore, we 
could prepare a crystalline methyl-3-amino-3-deoxy-pentoside hydrochloride (m. p. 
160°, [a]p = +119° in water) and, by complete hydrolysis, the free amino sugar 
hydrochloride (crystals, [a]) = +18° in water). 

The analogous series of reactions was applied to a representative of the hexoses, 
namely, methyl-a-p-glucoside. We obtained in very good yield the condensation 
product in the form of its sodium salt. The free methyl-3-nitro-3-deoxy-hexo- 
pyranoside gave, upon hydrogenation, a corresponding amino derivative which was 
characterized as its crystalline hydrochloride (decomp. 203°-208°. [a]p = +66°, 
in water). Configurational assignment was not yet possible because of the lack of 
compounds of reference. 

The experimental details will be published elsewhere. 

The wide applicability of the newly discovered pathway of synthesis of 3-amino- 
sugar derivatives is obvious. Our investigation was prompted by the recently 
developed interest in 3-amino-sugars, especially in the chemistry of antibiotics. 
Thus 3-amino-3-deoxy-p-ribose is known to be the sugar moiety of puromycin, and 
various hexoses and deoxyhexoses carrying a dimethylamino group on carbon atom 3 
have been isolated from other antibiotics. Whereas an enormous amount of work 
has been done on the chemistry of the 2-amino-2-deoxy sugars, relatively little is 
known of their 3-amino analogues, apart from some older investigations and the 
recent extensive studies of B. R. Baker and his school.® 
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THE ENZYMATIC SYNTHESIS OF FATTY ACIDS BY ALDOL 
CONDENSATION 


By Roscoe O. BRADY 


LABORATORY OF NEUROCHEMISTRY, NATIONAL INSTITUTE OF NEUROLOGICAL DISEASES AND BLIND- 
ESS, BETHESDA, MARYLAND 


Communicated by Charles Armstrong, August 11, 1958 


INTRODUCTION 
The mechanism of the enzymatic synthesis of sphingosine has recently been 
established as an aldol condensation of the Knoevenagel type." ? Such a reaction 
mechanism had not been previously detected in biological systems. The formation 
of dihydrosphingosine occurs by a condensation between palmitic aldehyde and the 
activated methylene group of serine in the presence of pyridoxal phosphate (Pyr- 
PO,) and Mn** ions (Reaction 1): 


OF- COOH 


4 
Af Mn** 
CH;(CH2),C8+ + HOCH,C—N——PyrPQ, > 


H 
CH;(CH2)..CH(OH)CH(NH2)CH2OH + PyrPO, + Mn++ + CO, (1) 


The observation that acetaldehyde is a better precursor of fatty acids than 
acetate’ and the finding that the addition of malonate caused a marked enhance- 
ment of fatty acid synthesis‘ suggested that the formation of fatty acids might also 
occur by condensation of aliphatic aldehydes with the activated methylene group 
of malonyl coenzyme A (malonyl CoA) (Reaction 2): 


Oe- COOH O 
M 


of M: 
R—C*+ + CH O —— R—CH—CH:;—C—SCoA + Mt++ + COQ, (2) 


| \F 
H C—SCoA OH 


The synthesis of fatty acids has recently been shown to be dependent upon 
supplemental adenosine triphosphate (ATP), Mn+*, and HCO;~ when acetyl 
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coenzyme A (acetyl CoA) was used as substrate.’-* Furthermore, it was found 
that radioactivity from C'*-labeled HCO;~ did not appear in the recovered fatty 
acids. 

These findings are in accord with the hypothesis that acetyl] CoA is first car- 
boxylated to form malonyl CoA, which is subsequently decarboxylated during an 
aldol condensation. The present communication describes recent experiments 
which indicate that fatty acid synthesis probably occurs via a condensation reaction 
of the Knoevenagel type. 


EXPERIMENTAL 


Preparation of Fatt; Acid—Synthesizing Enzymes.—The enzyme systems were 
obtained from pigeon liver as described previously,’ employing the modifications 
suggested by Wakil, Porter, and Gibson.’ The fractions precipitating between 0-30 
(Fraction IT) and 30-40 (Fraction II) per cent saturation with ammonium sulfate 
were taken up in 0.04 M KHCO; solution and dialyzed according to the directions 
of these investigators. For the present studies, the enzyme systems were not 
further fractionated. 

Enzymatic Synthesis of Malonyl CoA.—The experiments of Hayaishi® and 
Beinert and Stansly" suggested the presence of a malonic acid—activating system in 
extracts of Pseudomonas fluorescens and acetone-dried preparations of pig-heart 
tissue. Accordingly, an acetone powder of pig heart was extracted with 10 volumes 
of a solution of 0.02 11 NaHCOs, 0.001 M versene, 0.001 M glutathione, and 0.001 
potassium malonate. The fraction precipitating between 40 and 60 per cent satura- 
tion with (NH4)2SO,4 was prepared as described by Green e/ al.'' This preparation 
contained a malonate-activating system which was dependent upon the presence of 
ATP, coenzyme A (CoASH), Mg**, and malonate (Table 1). The product of the 
reaction was extracted and chromatographed according to the directions of 
Hayaishi® and Stadtman and Barker.'? A single hydroxamic acid derivative with 
an Rf of 0.36 was detected when the chromatograms were developed with water- 
saturated butanol. The relative mobility of this derivative corresponded exactly 


TABLE 1* 
Tue Enzymatic ACTIVATION OF MALoNICc ACID 


Hydroxamie Acid 
Reactant Formed 
Omitted (umoles) 


None 0.32 
ATP 0.00 
Potassium malonate 0.08 
Mg++ 0.00 
Coenzyme A 0.04 


* Except as indicated, the reaction mixtures contained 150 umoles of tris- 
(hydroxymethyl)aminomethane hydrochloride buffer (pH 8.2), 10 wmoles of 
glutathione, 10 umoles of ATP, 10 wmoles of MgCl, 75 uwmoles of potassium 
malonate, 0.2 wmole of CoASH, 500 wmoles of hydroxylamine, and pig-heart 
enzyme (1.5 mg. of protein) in a total volume of 1.2 ml. After incubating at 
37° for 30 minutes, hydroxamic acid formation was determined by the method 
of Lipmann and Tuttle (J. Biol. Chem., 158, 565, 1945). 


with that of monomalonyl hydroxamic acid. Acetohydroxamic acid exhibited an 
Rf of 0.53 under these conditions. 

A large-scale incubation was performed, employing 20 times the quantities of the 
materials used for the assay system and containing a total of 25 umoles of CoASH 
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The reaction was terminated by the addition of 2 milliequivalents of acetic acid, 
and the acidifed mixtures were heated at 160° for 1 minute. The resulting sus- 


pension was centrifuged, and the supernatant solution was taken to dryness by 


lyophilization. The residue was taken up in a minimal volume of water and applied 
to a paper chromatogram on Whatman filter paper No. 3. The chromatogram 
was developed with a solution of an equal volume of ethanol and 0.1 M potassium 
acetate (pH 4.5).'* After the paper was dried, a small portion was treated with 
nitroprusside reagent,'* and a directly staining area was detected with an Rf of 
0.35-0.45. Acetyl CoA exhibited an Rf of 0.60 under these conditions. The 
material was eluted with water from the remainder of the chromatogram, concen- 
trated by lyophilization, and taken up in a small volume of water. A total of 6.4 
umoles of malonyl CoA (purity 30 per cent) was recovered. 

Formation of Long-Chain Derivatives of Coenzyme A..-When malonyl CoA was 
incubated with acetaldehyde. Mn+* ions, and the enzymes contained in Fraction | 
of the pigeon-liver preparations, the synthesis of long-chain acyl derivatives of 
CoASH could be readily detected (Table 2). The migration of the products of the 


TABLE 2* 
FORMATION OF LONG-CHAIN DERIVATIVES OF COENZYME A 


Lone-Cuatn Hyproxamic Actps Formep 
REACTANT Fraction I Fraction II 
OMITTED umoles) umoles) 
None 0.102 0.097 
Acetaldehyde 0.00 0.00 
Malonyl CoA 0.00 0.00 
Mn** 0.00 0.00 
Malony! CoA replaced with 1.0 
umole of acetyl CoA 0.00 0.00 


* Except as indicated, the reaction mixtures contained 40 wmoles of L-histidine hydrochloride 
buffer (pH 6.5) (Wakil et al., Biochim. et Biophys. Acta, 24, 453, 1957), 50 umoles of acetaldehyde 
0.5 umole of MnCl, 1.0 umole of malonyl! CoA, 0.1 wmole of triphosphopyridine nucleotide, and 
enzymes contained in Fraction I or II of the pigeon-liver extracts (10 mg. of protein) in a total 
volume of 0.78 ml. The tubes were stoppered and incubated at 37° for 30 minutes. The reaction 
was terminated by the addition of 500 wmoles of hydroxylamine hydrochloride. After standing for 
10 minutes at room temperature, 6 volumes of ethanol were added, the mixtures centrifuged, and 
the supernatant solutions evaporated to dryness. The residue was extracted with 2 ml. of ace 
tone, concentrated to 0.1 ml. under nitrogen, and applied to paper chromatograms, using water- 
saturated butanol or mixtures A or B of Benson et al. (J. Am. Chem. Soc., 72, 1710, 1950). After 
the solvent front had advanced 35 cm., portions of the chromatograms were sprayed with 2.5 per 
cent FeCl; in ethanol. The products of the reaction with Fraction I with an Rf value of 0.87 
were eluted from the butanol-H.»O chromatography system. and the amount of hydroxamie acid 
was determined quantitatively. When the enzyme system contained in Fraction II was employed. 
the products with an Rf of 0.94 were eluted, and the hydroxamie acid content was determined. 
In this chromatography system, the Rf values for the hydroxamie acid derivatives of acetic acid, 
8-hydroxy butyric acid, crotonic acid, and butyric acid were 0.51, 0.73, 0.75, and 0.80, 
respectively. 


reaction in three separate solvent systems!*: '* corresponded with hydroxamic acid 
derivatives with chain lengths between 8 and 12 carbon atoms. When malony! 
CoA was incubated under these conditions with the enzymes contained in Fraction 
II, the hydroxamie acid derivatives of the products of the reaction migrated to 
regions corresponding to that of fatty acids with chain lengths between 14 and 18 
‘carbon atoms. A clear dependence upon malonyl CoA, acetaldehyde, and Mn** 
was found. Although the results shown in the tables are taken from individual 
experiments, almost identical findings were obtained in at least two confirmatory 
experiments with each enzyme preparation. Acetyl CoA could not replace malonyl! 
CoA for the formation of long-chain derivatives, although both fractions catalyzed 
the formation of 8-hydroxy butyryl CoA from acetyl CoA, probably because of the 
presence of the enzyme 8-keto thiolase." 
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Enzymatic Reduction of Acetyl CoA.—If the initial reaction for fatty acid syn- 
thesis be a condensation between acetaldehyde and malonyl CoA, it would follow 
that acetyl CoA must be reduced to the level of the aldehyde prior to the con- 
densation. The reduction of acetyl CoA is catalyzed by an enzyme present in ex- 
tracts of C. kluyvert which utilizes reduced diphosphopyridine nucleotide (DPN H),"* 
and the reduction of palmity! CoA is catalyzed by an enzyme system obtained from 
rat-brain tissue which requires reduced triphosphopyridine nucleotide (TPNH).' 
It was demonstrated in the present study that Fraction I obtained from pigeon-liver 
tissue contains an enzyme which catalyzes the reduction of acetyl CoA in the 
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Fic. 1.—Spectrophotometric measurement of the reaction be- 
tween acety] CoA and TPNH. The reaction mixtures con- 
tained 100 yumoles of potassium phosphate buffer (pH 7.0), 
10 wmoles of semicarbazide, 1.3 umoles of KCN, 0.5 umole of 
MnCh, 0.13 umole of TPNH, and the enzymes contained in 
Fraction I of the pigeon-liver preparation (6 mg. of protein) in a 
total volume of 1.0 ml., d = 1.0 em. At arrows 7 and 2, 0.2 
umole of acetyl CoA was added. The temperature was 22°. 
The readings were corrected for dilution after the additions and 
for the slight endogenous oxidation of TPNH which occurred in 
the absence of acetyl CoA. 
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presence of TPNH (Fig. 1). In additional experiments without semicarbazide, 
this reaction was found to be reversible, as has been observed with the comparable 
reactions in the other enzyme preparations. Furthermore, the reduction of acetyl] 
CoA occurred at a much greater rate in this system in the presence of malonyl CoA 
(Fig. 2). 
DISCUSSION 

The results of the present experiments are consistent with a mechanism in which 
the formation of long-chain fatty acids occurs by the successive condensation of 
aliphatic aldehydes with malonyl CoA in the presence of Mn*+*ions. The aliphatic 
aldehydes are produced by the reduction of the respective thiol ester derivatives of 
coenzyme A in the presence of TPNH. The aldehydes condense with the activated 
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methylene carbon atom of malonyl 
CoA, and the free carboxy] carbon 
atom of malonyl CoA is displaced in 
the course of the reaction. The prod- 
uct of the condensation 
would be a 8-hydroxy derivative of 
coenzyme A which could be dehydrated 
and then reduced with a second mole- 
cule of TPNH." Acetaldehyde may 
perform a dual role in the system em- 


reaction 


ployed in the present investigations by 
initiating the condensing reaction with 
malonyl CoA as well as being a sub- 
strate for the generation of TPNH for 
the saturation of ethylenic derivatives 
and reduction of thiol esters. The ne- 
cessity for ATP for the conversion of 
acetyl CoA to fatty acids®* may be 
due to the requirement of this nu- 
cleotide for the activation of carbon 
dioxide.'* Malony! CoA may _ be 
formed from acetyl CoA, ATP, and 
CO, in a reaction resembling the car- 
boxylation of propionyl CoA to form 
methylmalonyl coenzyme A.'9 


SUMMARY 

The synthesis of fatty acids was stud- 
ied in enzyme systems obtained from 
pigeon-liver tissue. 

The formation of long-chain deriva- 
tives of coenzyme A occurs from acet- 
aldehyde and malonyl coenzyme A in 
the presence of reduced triphospho- 


pyridine nucleotide and Mn++ ions. 
Adenosine triphosphate is not required. 


A mechanism for the synthesis of f 
findings. 
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Fig. 2.—-Spectrophotometric measurement 
of the effect of malonyl CoA on the reaction 
between acetyl CoA and TPNH. The reac- 
tion mixtures contained 150 umoles of potas- 
sium phosphate buffer (pH 7.0), 0.2 umole of 
TPNH, 0.5 umole of MnCh, and the enzymes 
contained in Fraction I of the pigeon-liver 
preparation (6 mg. of protein) in a total 
volume of 1.5 ml., d = 0.6em. The reaction 
was initiated by the addition of 0.26 umole 
of acetyl CoA. At arrow 1, 0.2 umole of 
malonyl CoA was added. The temperature 
was 22°. The readings were corrected for 
dilution after the additions. 
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PHOSPHORYLATED INTERMEDIATES IN THE SYNTHESIS 
OF SQUALENE* 


‘ ‘ t S mnor Tr ! = 
By 8. Cuaykin,’ J. Law,? A. H. Paris,’ T. T. Tene, anp K. Biocu 
CONVERSE MEMORIAL CHEMICAL LABORATORY, HARVARD UNIVERSITY, CAMBRIDGE, MASSACHUSETTS 


Communicated July 31, 1958 


Investigations in this laboratory on the mechanism of squalene synthesis from 
mevalonic acid have proceeded along two lines: (1) certain structural features 
of the ‘“‘isoprenoid”’ condensing unit have been defined by experiments using heavy 
hydrogen as a tracer, and (2) yeast extracts have been fractionated with the aim 
of accumulating intermediates between MVA!' and squalene. The experiments 
with D.O0? and T-labeled MVA® have led to the principal conclusions that the new 
carbon-carbon bonds between two isoprenoid units are formed by the interaction 
of two methylene groups and that the carboxy! groups of MVA are probably 
removed in a concerted process with simultaneous elimination of the tertiary hy- 
droxyl groups. As to the requirements for the over-all process, it could be shown 
that in yeast extracts the co-factors for squalene synthesis from MVA are ATP, 
Mn**, and reduced pyridine nucleotide. To account for the requirements of 
ATP and manganese, the formation of phosphorylated intermediates was postu- 
lated. The subsequent demonstration of an enzyme system that catalyzes the 
reaction MVA + ATP — phospho-MVA + ADP confirmed this hypothesis.‘ 
Phospho-MVA (P-MVA) is efficiently converted to squalene and appears to be 
the first product in the over-all transformation. Evidence has been presented 
that P-MVA is a phosphate ester‘ and, as will be shown later, can be assumed to 
be 5-phosphomevalonic acid. We have also reported briefly® that ATP is still 
required for the further metabolism of P-MVA, suggesting the existence of addi- 
tional phosphorylation steps. We now wish to describe a second and a third 
phosphorylated intermediate (II and III) which are formed during the conversion 
of MVA to squalene. 


EXPERIMENTAL 


Materials.—Samples of 1-C'*-MVA and 2-C'*-MVA were generously furnished 
by the Merck, Sharpe & Dohme Laboratories. One sample of 2-C'*-MVA was 
purchased from the Isotope Specialties Co., Burbank, California. The 1-C'*- 
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MVA used in later experiments was synthesized by H. Rilling according to Corn- 
forth et al.) ATP** was prepared by incubation of rat liver homogenates with 
AMP and radioactive inorganic phosphate* and purified by chromatography.° 
C'4-ATP, labeled in the adenine moiety, was kindly provided by Dr. Paul Zameenik. 
Samples of P**-MVA, 1-C'-P-MVA, and 2-C'*-P-MVA were prepared by incuba- 
tion of the appropriately labeled MVA with ATP (or ATP*) and Mn** in the 
presence of MVA kinase. This enzyme was prepared as described later. 

Methods.—The solvent system used for the chromatographic separation of MVA 
derivatives was t-butanol-formic acid—water (40:10:16). The R; values observed 
in this system were: P-MVA, 0.55; compound II, 0.34; and compound ITI, 0.65. 

Preparation of Enzymes.—Autolyzates of dried baker’s yeast (Fleischmann), 
prepared as previously described,* were fractionated, as shown below, to yield 
MVA-kinase and the enzyme fractions designated I, VIII, and d: 

Yeast autolyzate 


Centrifuged at 30,000 * g. for 30 min. 
| 


¥ 
Supernatant 
(N H, SO; 


0-45% 15-60% 
d 


Protamine sulfate 


(NH, )oSO, 
| 
| 35-55% | 
0-35% | 65-800; 
I Ca-phosphate gel Vill 
MVA kinase 


Incubation Experiments.—The appropriate enzyme fractions were incubated 
with ATP (0.005 7), Mn++ (0.001 7), and P-MVA at 30° for the desired lengths 
of time. Reactions were terminated by immersing the reaction flasks in boiling 
water for 1 minute. Precipitated protein was removed by centrifugation, and the 
supernatant fluid applied to strips of Whatman paper No. 1 or 3 for chromatog- 
raphy. The radioactive areas were located by counting in an Actigraph (Nuclear, 
Chicago). When necessary, the radioactive areas were eluted with water and 
rechromatographed. Samples containing both C' and P* were counted in a 
gas-flow counter both without and with an aluminum window, which reduced the 
counting efficiency for C'* to 0.05 per cent and for P* to 50 per cent. 

The decarboxylation of 1-C'*-MVA derivatives was followed by trapping evolved 
CO, and counting it as BaCO;. For stability studies, samples of compounds II 
and III were heated in 1 N HCl! or 1 N KOH for 10 minutes in a boiling water 
bath. Samples that had been treated with alkali were acidified by addition of 
Dowex-50-H+. All samples were evaporated to dryness in vacuo and chromato- 
graphed. 


RESULTS AND DISCUSSION 


Following the isolation of P-MVA, it was demonstrated that this phosphate 
ester is converted to squalene‘ but that ATP and Mn** or Mg** are still necessary 
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for this conversion (Table 1). The same ATP dependence is observed for the 
decarboxylation reaction as measured by the release of C'4O, from 1-C'4-P-MVA 
(Table 2). This clearly indicated that further phosphorylations occur during the 
transformation of P-MVA to squalene. To demonstrate the suspected phosphate 
esters, P-MVA was incubated with enzyme VIII, ATP, and Mn** for various 
time periods, and the products separated by chromatography. The results are 
shown in Figure 1. As P-MVA is being consumed, two new peaks appear, one 


TABLE 1* 


Errect or ATP ON SQUALENE SYNTHESIS 
FROM MVA DERIVATIVES 
————SQUALENE (c.p.m.)——— 
With Without 
SUBSTRATE ATP ATP 
P-MVA 206 4 
Compound IT 235 t 
Compound ITI 51 241 


* The assay system contained 0.01 ml. of enzyme fraction I (3.3 mg. of protein) ; 
0.05 ml. of enzyme fraction d (4.4 mg. of protein); 0.1 ml. of KH2PO, buffer, 0.2 M, 
pH 7.4; 1,000 ¢.p.m. of substrate; 0.2 wmoles of Mn**; ATP when present, 2.3 
umoles; in a total volume of 0.7 ml. After incubation for 1 hour at 30°, 1 mg. 
of DPNH was added and incubation continued for another hour. Squalene was 
isolated and characterized as previously described (Amdur, Rilling, and Bloch, 
J. Am. Chem. Soc., 79, 2646, 1957). 


TABLE 2* 
Errect or ATP on DecARBOXYLATION OF P-MVA 
CO: 
(e.p.m.) 

a 158 
— ATP 4 
— Mn** 12 
—Mn** + Mg 163 
— Mn++ + EDTA (5 x 10-3 M) 0 


* The assay system contained 0.05 ml. of enzyme d (4. 4 mg. of Protea 
0.01 M phosphate buffer, pH 7.6; 0.01 M KF; 5 X 10-* M Mn ATP 
when present, 1 X 10-3 M; and 20 wmoles of 1-C!+-P- MY A (500 e. Pp. m.). 
Incubation was carried out for 30 minutes at 30°. 


less mobile (II) and the other more mobile (III) than P-MVA. After short periods 
of incubation, only II accumulates, indicating that it is the precursor of III. After 
longer incubation, two additional, even faster-moving peaks (IV and V) are 
observed, but these have not been further investigated. In order to characterize 
compounds II and III, a series of experiments were carried out, using 1-C'*-P 
MVA, 2-C4-P-MVA, 2-C'4-P**-MVA, and P*?-MVA as substrates, and unlabeled 
ATP as well as C'*- and P*-labeled ATP as co-factors. By combining various 
labeled substrates and labeled or unlabeled ATP, the following properties of com- 
pounds II and III were established: 

1. When either P**-MVA or 2-C'*-P-MVA are the substrates, both compounds 
II and III appear on the chromatograms. 

2. When i-C!*-P-MVA is used, only II, but not III, is observed, regardless 
of the length of incubation. Compound III therefore lacks the carboxyl group of 
MVA, which is in line with the observation that fraction VIII also catalyzes the 
decarboxylation of 1-C'*-P-MVA. 

3. After incubation of P*?-MVA and C'-labeled ATP, compounds II and III 
contain P** but not C', showing that they are not adenine nucleotide derivatives. 

4. When 2-C'*-P**-MVA is incubated with unlabeled ATP, both II and III 
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SUBSTRATE 
1-or 2-c'4- P-MVA 


O min 





1-c'4-p-mva 


45 min 








2-c'4-Pp-MVA 


45 min 





2-c'4- P-MVA 


80 min 








ORIGIN 
Fia. 1 


TABLE 3 
C'/P8? Ratios In Propucts ForMEpD FROM P-MVA ano ATP 
Compound 

Reaction Isolated C/Ppse 

0 32 ' ‘p Il 0.88 

2-( 14_P32MV A + ATI Ilk 0 95 

0.74 

J I 0.89 

1.06 

(11 0.75 
- , =a f Tl No C™* 
P#? — MVA + ATP-C™ oH No CH 


2-C'-IT + ATP Ill No P# 


2, 2-C!LP-MVA + ATP? 


are found to contain P** and C' in the same ratio as the starting material (expt. 
1, Table 3). The phosphate group of P-MVA is therefore retained in both products. 

5. When 2-C'*-P-MVA was incubated with ATP*?, compounds II and III 
contained P*? as well as C'*; in both compounds the molar ratio of the two isotopes 
was again close to unity (expt. 2, Table 3). Therefore, in the conversion of P- 
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MVA to II and III, a new phosphate group is incorporated from ATP. 


Proc. N. ALS. 


Since it 


has already been established that both intermediates retain the phosphate of P- 
MVA, it must be concluded that they contain two phosphate residues per molecule. 
6. When carboxyl-labeled II is incubated with the enzyme, radioactive CO, 


is produced. 


III, and hence III must be the later intermediate. 
by the order in which II and III are formed from P-MVA (Fig. 1). 


Under the same conditions C2-labeled II gives rise to radioactive 
This sequence is also indicated 


The decar- 


boxylation of II to III requires ATP, which cannot be replaced by ADP. In 

this step, however, label from ATP (C4 or P*?) is not introduced into the product. 
7. Both II and III are precursors of squalene, ATP being required for the 

conversion of II but not of III. 


Stability. 
100° C. 
100° C. for 10 minutes. 


Compounds II and III are stable to 1 N KOH for 10 minutes at 
However, they are completely hydrolyzed by heating with 1 NV HCl at 
The products of acid hydrolysis obtained from variously 


labeled samples of IT and III were analyzed by paper chromatography with the 


following results: 


SUBSTRATES FOR THE 
PREPARATION OF IT anp III 
CH:-OP* 


II 


One radioactive peak with 


Propvucts or Actp HypROLYsIS FROM 
Ill 


One radioactive peak with a 





R; identical to P-MVA slightly higher Ry, than 
CH, OH and containing P*? and C!4 inorganic phosphate; no 
in a molar ratio of 1:1 labeled inorganic —phos- 
C phate is formed 
* and ATP 
CH, CH, 
COOH 
CH.,-OP Two radioactive peaks; one Two radioactive peaks, one 
corresponds to inorganic being inorganic phosphate, 
CH, OH and phosphate; the other has the other contains only C!* 
AMP-P*-P* the same Ry as P-MVA; and has an /?; value slightly 
Cc this second peak contains higher than inorganic phos- 
x only C' and is converted phate 
CH CH, to squalene only in the 


presence of ATP 
COOH 


Thus the principal chemical change that is observed on treatment of II or III 
with acid is the removal of one of the two phosphate residues. The labile phos- 
phate is the one which is introduced in the reaction between P-MVA and ATP. 
By contrast, the phosphate carried over into II and III from P-MVA is resistant 
to acid hydrolysis. 

The incorporation of C'* and P* and the acid lability of IIT and III are inter- 
preted as follows: P-MVA reacts with ATP to form a mevalonic acid derivative 
(II) with the introduction of another phosphate group. The newly introduced 
phosphate residue is acid-labile, and, when it is split off, a compound having the 
same properties as P-MVA is formed. Thus the structure of II differs from that 
of P-MVA only by the presence of an additional phosphate group. Compound II 
is converted to III with the eliminat.on of CO», and in this process both phosphate 
residues are retained. The acid stability of the two phosphate residues in ITI is 
the same as in II. Although decarboxylation of II to III requires ATP, none of 
the elements of the nucleotide are introduced into III during this reaction." 

As pointed out in the introduction, we have postulated? that the decarboxylation 
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reaction is accompanied by the removal of the tertiary hydroxyl group at C; of 
MVA, with the formation of a double bond between Cs. and C3. It follows from 
this argument that III, which is a decarboxylation product, no longer contains 
this tertiary alcohol group. Thus only the primary alcohol function at C; remains 
for attachment of the two phosphate groups, and, barring the unlikely alternative 
that it is a Cy compound with four phosphate residues, III must be the pyro- 
phosphate ester of an unsaturated 5-carbon alcohol. This conclusion is supported 
by the properties of a product that is formed on removal of the phosphate residues 
by enzymatic hydrolysis. When C!*-labeled III was incubated with cobra venom 
as a source of phosphatases and the reaction mixture steam-distilled, a volatile 
radioactive compound was obtained. After addition of 3-methyl-but-3-ene-1-ol 
(A*-isopentenol) as carrier, the 3,5-dinitrobenzoyl derivative was prepared and 
recrystallized. Radioactivity failed to separate from the carrier, indicating that 
the volatile hydrolysis product of III is indeed A*-isopentenol. While more 
direct chemical evidence is necessary for final structural proof, it is clear at any 
rate that compound IIT is the pyrophosphate ester of an unsaturated 5-carbon 
alcohol. A consideration of the chemical and enzymatic relationships between 
the three phosphate derivatives, moreover, suggests that compound IT is mevalonic 
acid-5-pyrophosphate and that the phosphate group of P-MVA is esterified with 
the primary hydroxyl at C;. The enzymatic and chemical properties of these 
compounds are summarized as follows: 


CH.-OP CH,-O-P-O-P CH,-O-P-OP CH.OH 


cobra 


OH - eats aer™ 


venon 


Il 


| H+ |H 
CH.OP CH.OP 


OH 





COO 


SUMMARY 


Two new phosphate derivatives of mevalonic acid, both containing two phos- 
phate residues per molecule, are described. The structures tentatively assigned 
to these intermediates in squalene synthesis are mevalonic acid-5-pyrophosphate 
and A*-isopentenol pyrophosphate, respectively. 
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THE MODE OF ACTION OF 5-FLUOROURACIL ANDITS DERIVATIVES* 


By Seymour 8. Couen, Joe G. Fuaxs, Hazet D. BARNER 
? 
Marityn R. Logs, AND JANET LICHTENSTEIN 


DEPARTMENTS OF BIOCHEMISTRY AND PEDIATRICS, UNIVERSITY OF PENNSYLVANIA SCHOOL OF 
MEDICINE, PHILADELPHIA 


Communicated by David R. Goddard, August 15, 1958 


In 1954 this laboratory described experiments on the lethal consequences of 
thymine deficiency in growing bacteria.!. It was shown that when various strains 
of Escherichia coli were permitted to metabolize and grow under conditions of 
thymine deficiency, which prevented the synthesis of deoxyribonucleic acid (DNA), 
the cells irreversibly lost the power to multiply. In subsequent explorations of 
this phenomenon it was found that additional nutritional deficiencies, e.g., purine,” 
amino acids,‘ uracil,* tended to minimize this lethal effect. In our early experiments 
it proved to be relatively difficult to induce specific thymine deficiencies by means of 
competitive analogues. Thus an analogue such as 5-bromouracil was incorporated 
into DNA in place of thymine and permitted the synthesis of this polymer in modi- 
fied form when thymine was entirely omitted from the medium. 

It was pointed out in earlier communications that the phenomenon of thymine- 
less death which resulted from unbalanced growth bore some similarities to certain 
aspects and types of cellular differentiation® and that the thymineless bacteria 
possessed numerous cytological and chemical similarities to bacteria killed by a 
variety of bactericidal agents or to tumor cells killed by a number of antitumor 
agents, e.g., amethopterin.* It was suggested that the specific induction of thymine 
deficiency to kill cells might be of chemotherapeutic interest in a number of bio- 
logical systems, particularly that of tumors. 

In the search for antitumor agents, Heidelberger, Pleven, and Duschinsky’ have 
prepared 5-fluorouracil, hoping to take advantage of the high rate of uracil utiliza- 
tion in tumors’ in affecting nucleic acid biosynthesis with this analogue. It has 
been observed® '® !¢ that 5-fluorouracil, and particularly its deoxyriboside, possessed 
unusual antitumor activity and that these compounds affected the biosynthesis of 
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thymine in bacterial and tumor systems. In addition, 5-fluorouracil is incorporated 
into RNA to a significant extent as a uracil analogue. 

In the spring of 1957 these workers invited this laboratory to participate in the 
study of the effects of these compounds in bacterial systems. In this paper we 
shall present data on the effects of these compounds on growing and virus-infected 
bacteria. We have shown that the most potent of the fluorouracil derivatives, 5- 
fluorouracil deoxyriboside, induces thymineless death in £. coli. The deoxyribo- 
side is converted in the bacteria to 5-fluorouracil deoxyribotide. This nucleotide 
has been isolated from the acid-soluble fraction of 2. coli exposed to the nucleoside; 
it has also been synthesized enzymatically. This nucleotide has been found 
irreversibly to inactivate thymidylate synthetase, an enzyme which we have 
isolated from virus-infected bacteria. !! 

Biological Effects on Strains of E. coli—We have described methods for the 
analysis of the effects of various compounds on bacterial growth, viability, and 
nucleic acid biosynthesis.2 Fluorouracil (FU), fluorouracil riboside (FUR), and 
fluorouracil deoxyriboside (UDR) '? were tested for their effects on these functions 
in various strains of F. coli. 


i 
o 
4 
a 
< 


3 0 
HOURS 


totes SS Fig. 2.—The effect of fluorouracil and its 
Fic. 1.—The effect of 5-fluorouracil (FU), nucleosides (0.089 umoles/ml) on the growth 
fluorouracil riboside (FUR), and fluorouracil and multiplication of a uracil-requiring strain 
deoxyriboside (FUDR) on the growth and of E. coli. 
multiplication of FZ. coli strain B in a glucose- 
mineral medium. Compounds were present 
at 0.089 umole/ml. 


These compounds had different effects, depending on the compound and strain 
used. Comparing the three compounds on £. coli. strain B, at a concentration of 
0.089 umole /ml., it can be seen in Figure 1 that in each case there is an initial 
increase of approximately 50 per cent in turbidity, which occurs at the rate observed 
in the uninhibited culture. This growth then ceases more or less abruptly, although 
the restraint imposed by FU tends to be overcome after 2 hours. However, the 
effect on viability can be seen to be quite different in each case. FU produces a 
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bacteriostasis and occasionally a weak killing effect, while FUR is slowly but 
markedly bactericidal. FUDR, however, is very rapidly bactericidal, producing a 
rapid death of about 50 per cent of the cells and is thereafter bacteriostatic. As 
will be seen below, it appears likely that the initial effect of FUDR arises from the 
inactivation of thymidylate synthetase by conversion of FUDR to nucleotide, 
whereas the later bacteriostatic effect in surviving organisms probably arises from 
the cleavage of FUDR to form free FU. 

Studies of nucleic acid biosynthesis in strain B revealed that all three compounds 
completely inhibited DNA synthesis but permitted at least a doubling of RNA. 
FU was slightly less inhibitory toward RNA synthesis than were the nucleosides. 
Thus FU and its derivatives appear to provoke a chemical pattern of biosynthesis 
and unbalanced growth in strain B comparable to that in thymineless strains 
lacking thymine, i.e., one in which protein and RNA synthesis continue initially, 
while DNA synthesis is entirely stopped. 

In the uracil-requiring mutant,!* FZ. cold strain By-, different patterns of effects 
are observed, as presented in Figure 2, when both inhibitory compound and ex- 
ogenous uracil are present in the medium. Thus only a slight inhibition of turbidity 
and viable count are obtained in the presence of FU. On the other hand, FUR has 
the most profound inhibitory effect on growth, an effect which substantially accounts 
for the slowed increase in viable count. However, with this strain FUDR has an 
intermediate effect on the inhibition of increase in turbidity but produces the most 
pronounced killing effect. 

In routine experiments, viable counts were determined by colony counts after 
overnight incubation. Cultures in which killing was evident plate to yield a 
mixture of small and large colonies unlike the normal cultures. On continued 
incubation, a small increase in viable count of about 10 per cent is obtained, and the 
small colonies eventually attain full size. 

When B,- is incubated with FU in the absence of uracil, the turbidity of the 
culture almost doubles, while almost 80-90 per cent of the cells are killed. In 
this situation it appears that FU replaces uracil in some functions, facilitating 
death by unbalanced growth. 

With the thymine-requiring bacterium, strain 15;-, incubated in the absence of 
thymine, FU and its derivatives inhibit the development of thymineless death 
slightly but not completely. With the thymineless uracil-less organism, strain 
l5y-y-, FU does not inhibit thymineless death in the presence of uracil. In this 
organism also the maintenance and slow increase of viable cells by thymine (0.016 
umole/ml) in the absence of uracil is not affected by FU (0.089 u mole/ml). 

Reversal of Inhibition —When an inhibitory concentration of FU was added 
(0.089 umole/ml) to a growing culture of strain B in the presence of thymine or 
uracil or both, it was observed that thymine at 0.089 umole/ml reversed the bacte- 
ricidal action of the compound but could not markedly stimulate growth. On the 
other hand, uracil at 0.089 umole/m] supported almost normal growth. Uracil 
was used at the concentration which supports the muitiplication of strains By-; 
thymine was in fivefold excess. These results are presented in Figure 3. Thus 
strain B in the presence of FU and uracil behaves similarly to strain By- under 
these conditions. 

However, in the presence of FUDR the pyrimidines show different activities, as 
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Fic. 3.—The inhibition of E. coli strain B Fic. 4.—The inhibition of EZ. coli strain B 
by fluorouracil (0.089 wmole/ml) and _ its by fluorouracil deoxyriboside and its reversal 
reversal by uracil (U) (0.089 wmole/ml) by uracil or thymine or both together. 
or thymine (T) (0.089 umole/ml) or both 
together. 


presented in Figure 4. Thymine, while not supporting very extensive growth, 
preserves viability. The reverse pattern occurs with uracil, i.e., this pyrimidine 
permits a rapid and extensive increase in turbidity but in the first hour, at least, 
actually increases killing. A combination of thymine and uracil are complemen- 
tary and permit almost normal growth. 

Effects on Virus-Infected E. Coli—¥U and its nucleosides are profoundly in 
hibitory to DNA synthesis in EF. coli infected with the T-even phages. When 
strain By-is multiply infected by T6r+ in the presence of uracil, there is a tripling 
of DNA in an hour. FU prevents any increase in DNA in the presence or absence 
of uracil. 

When strain B was infected by T2r+ in the presence of FU or either of its 
nucleosides, DNA synthesis was completely inhibited. It was found that uracil 
was ineffective in overcoming the inhibition. However, exogenous thymine par- 
tially overcame this inhibition, and added uracil did not augment this reversing 
action. Comparable reversal patterns were obtained when FU, FUR, or FUDR 
were used as inhibitors. 

When strain By- or strain 157- was infected with T2r+ in the absence of ex- 
ogenous thymine, these infected cells became capable of synthesizing DNA and 
thymine.!! FUDR totally inhibited such DNA synthesis. In these cases ex- 
ogenous thymine permitted a restoration to 50 per cent of the maximal rate. 

Biochemical Aspects of FUDR Metabolism.—Since the biosynthesis of thymine 
occurs at the nucleotide level via the conversion of deoxyuridylic acid to thymidylic 
acid, it appeared reasonable to suppose that the most potent inducer of a thymine 
requirement, FUDR, was inhibitory after phosphorylation to form 5-fluorouracil 
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deoxyriboside-5’-phosphate (FUDRP). When strain 15;- at 5 X 10° bacteria 
per ml. was incubated in a mineral medium plus glucose, the cells removed approxi- 
mately 0.045 umole/ml of FU, FUR, or FUDR in 30 minutes. A culture of 500 
ml. was incubated for 30 minutes with 30.5 wmoles of FUDR; 60 per cent of the 
FUDR was removed from the medium and taken into the bacteria. The cells were 
chilled, sedimented, and extracted with 2 per cent perchloric acid. After removal 
of the perchlorate as KCIO,, the extract was found to contain 36 wmoles of organic 
phosphate. 

The extract was fractionated on the ion exchange resin, Dowex-l-acetate, at 
pH 4.2.'* Nucleotide fractions possessing absorption maxima comparable to that 
of FUDR were purified by adsorption on Norite and elution with ammoniacal 
ethanol. The first FU-containing fraction was eluted from the resin at 0.2 M 
acetate, an expected behavior for a pyrimidine nucleotide with the ionizable groups 
of FUDRP. After purification on Norite, 0.2 umole of a compound was obtained 
having an absorption spectrum similar to that of FUDR. This material was 
shown to inhibit thymidylate synthetase but was completely inactive with respect 
to the deoxycytidylate hydroxymethylase. Since 5-fluorouracil riboside-5’- 
phosphate (EURP) has been shown to be completely inactive at high concentrations 
with thymidylate synthetase, it may be inferred that this fraction contained some 
FUDRP. As will be seen below, this compound is enormously inhibitory to 
thymidylate synthetase. 

A compound possessing an apparent P to FU content of 2:1 was isolated in an 
amount of 0.4 umole following elution at 1.0 W acetate. After removal of one P 
by acid hydrolysis, the compound migrated on paper as did FURP® in a solvent 
containing sodium tetraborate.'* It showed no trace of FUDRP, as compared with 
this material synthesized chemically by Farkas et. al.’ or that synthesized 
enzymatically in this laboratory. It appeared, therefore, that this isolated com- 
pound was the fluorouracilriboside diphosphate. 

Small amounts of a fluorouracil compound (ca. 1-2 pmoles) was also eluted at. 1.5 
M acetate but was not cleanly separated from another compound possessing an 
absorption maximum at about 260 mg. This FU-containing fraction also gave 
rise to FURP on acid hydrolysis. 

It appears, therefore, that far more FUDR is removed from the medium (ca. 
18 umoles) by strain 15;- than can be accounted for in the acid-soluble fraction (a 
maximum of 3 umoles). Significant quantities of free FU or of non-phesphorylated 
derivatives were not found in this fraction. A very small amount of nucleotide 
FU, i.e., a maximum of 10 per cent, is found in FUDRP, while the remainder 
appears as ribotides at di- and possibly triphosphate levels. It seems reasonable 
to suppose that the assimilated FU after conversion to ribotides is incorporated into 
RNA, as has been reported by other workers. 

The Enzymatic Synthesis of FUDRP.—FUDR was incubated with ATP and a 
partially purified thymidine kinase” derived from £. coli strain B. The reaction 
mixture (75 ml.) contained enzyme derived from 6.6 gm. bacteria (wet weight), 
400 pmoles NasATP, 32 wmoles FUDR, 200 wmoles MgCl, and 3,750 umoles 
glycylglycine at pH 7.4. After 3 hours at 37° the reaction was stopped by boiling. 
After centrifugation, the supernatant fluid was concentrated and boiled at pH 1 for 
lhour. The hydrolyzate was concentrated to 2 ml. and passed through a Dowex- 
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50-H+ column, which was washed with 0.01 N HCl. Only 10 per cent of the 
original ultraviolet absorption filtered through, and this filtrate was neutralized 
and fractionated on a Dowex-1-Cl~ column. FU and FUDR were eluted initially 
by 0.001 M HCl, followed by small amounts of adenosine and adenosine-5’-phos- 
phate. FUDRP and some contaminating materials were eluted by 0.05 M HCl. 
A fraction rich in FU was chromatographed on paper in isobutyrate-N Hy, at pH 3.6, 
and a band (of R; 0.35) identical with that of synthetie FUDRP was obtained. 
This material was eluted in a yield of 0.9 umole and possessed an ultraviolet 
spectrum with a maximum in 0.1 NV HCl at 268 my. Ratios of the optical densities 
at wave lengths 250, 260, 270, and 280 mu were within 10 per cent of the values for 
synthetic FUDRP. The Rs of the synthetic and biosynthetic FUDRP also 
agreed in the ethanol-ammonium acetate—borate system (R,-0.17) which com- 
pletely separated the deoxyribotide and ribotide (R;of FURP was 0.08). 

It may be noted that synthetic FUDRP was completely dephosphorylated by the 
venom of Crotalus adamanteus, which was capable of dephosphorylating 5’-nucleo- 
tides, but not 2’- or 3’-nucleotides. It was concluded, therefore, that the synthetic 
material was entirely in the form of the 5’-nucleotide, as was the biosynthetically 
prepared FUDRP. As will be seen below, both preparations of FUDRP had 
essentially identical inhibitory activities against thymidylate synthetase. 

FUDRP Inhibition of Thymidylate Synthetase.—Thymidylate synthetase and the 
deoxycytidylate hydroxymethylase are prepared most conveniently from EF. coli 
infected with the T-even bacteriophages.'* Infection of strain B increases the 
amount of thymidylate synthetase seven- or eight fold over that present in the 
uninfected cell. Deoxycytidylate hydroxymethylase is absent in extracts prepared 
from uninfected cells; in extracts from infected cells the amount of this enzyme is 
about threefold greater than the amount. of thymidylate synthetase. 

The two enzymes may be separated by salt precipitation; however, the deoxy- 
cytidylate hydroxymethylase appears to be considerably more stable following this 
procedure. Hence it has been necessary at present to test the effect of FUDRP on 
the thymidylate synthetase in relatively unpurified systems. 

The assay for both enzymes relies on the acid-stability of HCHO fixed to the 
appropriate pyrimidine nucleotide, and substantially the same system is used in 
both assays. In unpurified systems of relatively low specific enzyme activity, 
blank values i.e., the fixation of HC'*HO in the absence of pyrimidine nucleotide, 
are appreciable. In order to increase the sensitivity of the assay for thymidylate 
synthetase in unfractionated extracts, HC'HO of relatively high specific activity 
(79,000 ¢.p.m. per umole) is used, as contrasted with HC'HO of 22,600 ¢.p.m. per 
umole in the assay for deoxycytidylate hydroxymethylase. The incubation 
mixture contains in 0.5 ml.: 2.5 umole of deoxycytidylate or 1.0 wrole of deoxy- 
uridylate, 2.5 wmoles HCHO, 0.5 umoles tetrahydrofolic acid (THEA), 5.0 
umoles MgSQ,, 20.0 umoles phosphate buffer pH 7.0, and 0.1 or 0.2 ml. enzyme. 
The system is incubated 20 minutes at 37° and precipitated with 10 per cent TCA. 
The supernatant fluid (0.5 ml.) is boiled with 0.5 NV HCl contaming 1 per cent 
FeCl, to destroy the HCHO-THFA complex. An aliquot of this solution (0.05 ml.) 
is evaporated on a copper planchet with 0.05 ml. N HCl, and radioactivity is 
measured. Under these conditions, proportionality is obtained as a function of 
enzyme concentration in the fixation of 0.01-0.05 mole HCHO. 
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In experiments with FU mononucleotide isolated from the acid-soluble extract of 
the culture of strain 15T~ which had assimilated FUDR, an extract of T6r+- 
infected EF. coli strain B (0.5 ml. = 1.1 X 10° bacteria) was preincubated with 0.1 
umole of FU mononucleotide in 0.5 ml. of 0.05 M phosphate buffer at pH 7.0 for 
15 minutes at room temperature. Equivalent aliquots of a mixture of enzyme and 
compound and of enzyme alone were compared in the assays presented above. In 
a 20-minute period, 0.05 ml. of the extract fixed 0.019 and 0.059 umole of HC'*HO 
with deoxyuridylate and deoxycytidylate, respectively. In this interval, 0.1 ml. of 
preincubated extract plus inhibitor fixed 0.000 and 0.063 umoles of HCHO, 
respectively. Thus the isolated natural product was a specific inhibitor of thy- 
midylate synthetase and did not inhibit the deoxycytidylate hydroxymethylase. 

This result has been obtained in subsequent studies with synthetic and bio- 
synthetic FUDRP, using a variety of partially purified enzyme preparations. 
However, in these tests it was observed that when FURDP was added to the assay 
system before the addition of enzyme, which was the last component added, in- 
hibition was not complete, particularly with relatively large an.ounts of enzyme. 
However, preincubation of enzyme with FUDRP obliterated enzyme activity. 

Synthetic and biosynthetic FUDRP were compared in assays in which varying 
amounts of inhibitor were preincubated with enzyme for 5 minutes at 25° in 0.04 
phosphate buffer. An amount of enzyme was used sufficient to fix 0.031 umole 
HCHO in 20 minutes. More than 90 per cent inhibition was obtained at con- 
centrations greater than 0.001 umole of each type of FUDRP. With 0.001 umole 
of FUDRP, i.e., a substrate to inhibitor ratio of 1,000, inhibitions of 35-55 per 
cent were obtained. Thus the two materials were comparable in inhibitory 
activity. No inhibition was observed at 0.0005 umole of FUDRP in this system. 

Preincubation of enzyme with deoxyuridylate (1 umole) could partially protect 
against the effect of subsequent addition of 0.01 umole of FUDRP admixed with 
the other reagents. Pre-incubation of enzyme with HCHO and tetrahydrofolic 
acid under regular assay conditions also protected slightly against a subsequent 
addition of 0.005 umole of FUDRP. 

FURP was essentially inactive in these systems at 500 times the concentration 
at which inhibitory effects could be detected for FUDRP. FU was similarly 
inactive. On the other hand, FUDR was slightly inhibitory (up to 30-40 per 
cent) at concentrafions of 2 umoles in 0.5-ml. assay systems. 

Discussion.—It appears that FU and FU derivatives affect uracil metabolism 
in growing bacteria. Thus in strain B the inhibition of growth is largely reversed 
by the presence of exogenous uracil. This result is consistent with the incorpora- 
tion of FU into RNA, noted earlier. This phenomenon also seems to have occurred 
with strain 15;-. It is possibly significant, however, that the inhibitory effects 
of FU and FUDR in T2-infected £. coli are in no respect reversed by uracil. This 
perhaps suggests that in these systems RNA metabolism is either unaffected or is 
not of critical importance. 

However, in growing bacteria the effects of FU which may be reversed by uracil 
are not bactericidal, in contrast to the effects of thymine in reversing the bactericidal 
actions of FU and FUDR, as shown in the figures. It may be suggested that effects 
of FU compounds on viability, which are reversible by thymine, are of greater 
significance from the point of view of the future survival of the organism. It 
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seems probable, then, that the activities of these compounds in promoting unbalanced 
growth and thymineless death are of greatest significance in explaining the anti- 
tumor activities of FU and FUDR. This question may be readily explored by 
attempting to reverse the antitumor activities of FU and FUDR by uracil or 
thymine or by combinations of these pyrimidines. This problem is of great 
importance in orienting attempts to synergize the activities of these inhibitors by 
means of uracil analogues or thymine analogues or both, or by still other types of 
agents. 

The provocation of thymine deficiency by FU or FUDR is explainable solely by 
the inhibitory properties of FUDRP and not by FURP, which is apparently 
formed in far greater amount, at least in strain 15;-. FUDRP is a very potent 
inhibitor of thymidylate synthetase, since it combines irreversibly with this enzyme. 
Such an effect explains the bactericidal action of the compound, in terms of the 
critical effects of thymine deficiency in the life of an organism. 

Since FUDR is so readily cleaved by a nucleoside phosphorylase, which thereby 
reduces the amount of compound available for conversion to the true inhibitor, 
FUDRP, it would evidently be important to explore the possibility of inhibiting 
this enzyme during tumor chemotherapy. The provision of another source of 
exchangeable deoxyribose, such as hypoxanthine deoxyriboside, might also be 
useful in minimizing the action of the phosphorylase. Possibly the most effective 
approach to this problem would be to devise a method for the penetration of FUDRP 
itself or of a suitably modified derivative. The use of FUDRP as an inhibitor 
would avoid the action of nucleoside phosphorylases and minimize the need for a 
nucleoside kinase, which in £. coli at least is not very active. 

Summary.—The inhibitory actions of 5-fluorouracil and its nucleosides on growth 
and multiplication have been studied in F. coli and a series of pyrimidine-requiring 
strains of this organism. Effects have been noted on both uracil and thymine 
metabolism; those related to uracil requirements inhibit growth but not survival, 
while effects related to the creation of a thymine deficiency are markedly bacteri- 
cidal. Of the compounds tested, fluorouracil deoxyriboside is maximally potent in . 
its bactericidal activity. 

The deoxyriboside is assimilated by bacteria and is converted in small part to the 
deoxyribotide, which has been isolated. Fluorouracil deoxyribotide has also been 
synthesized enzymatically from fluorouracil deoxyriboside to yield a product 
identical with the synthetic 5’-dexoyribotide. This nucleotide is a highly potent 
irreversible inhibitor of thymidylate synthetase. This effect explains the capability 
of fluorouracil and its deoxyriboside to create thymine deficiency, a deficiency which 


provokes unbalanced growth and cell death. 


* These studies have been aided by grants from the Commonwealth Fund and the Upjohn 
Company. 
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The hemoproteins are such versatile oxidation-reduction catalysts and such 
remarkable oxygen-binding pigments that there has always been a lively interest 
in the structural factors that determine the reactivity of the heme iron atom. The 
high specificity which characterizes many of their reactions, which is shown in only a 
rudimentary manner by heme itself, would appear to rule out structures with no 
direct Fe-protein bonding; so, in general, the binding of the heme can be considered 
in terms of one or two Fe-protein bonds, with additional bonding through the vinyl] 
and propionic acid side chains. Furthermore, the configuration of the heme is also 
an important factor. A hemoprotein with the heme bound flat on the surface of the 
protein would be expected to show differences in reactivity, especially in the case 
of complex formation with ligands, from one in which the heme is buried in a 
crevice or fold in the polypeptide chain. 

In the past the need to consider the influence of structural factors on reactivity, 
notably crevice structures, has arisen only in studies on cytochrome-c, hemoglobin, 
and myoglobin. However. in the present paper it will be shown that certain 
features of the formation of ferriperoxidase and ferricatalase complexes, which set 
them apart from the other three hemoproteins, can be explained by the simple 
hypothesis that a crevice structure with two Fe-protein bonds exists in the parent 
compounds, and, when a complex formation occurs, one of the bonds is broken, 
liberating a group with a high proton affinity.‘ 


A. STATEMENT OF THE PROBLEM 
The fact that ferrohemoproteins form complexes preferentially with neutral 
ligands such as Ov, CO, NO, and isocyanides, whereas ferrihemoproteins react 
preferentially with “fluoride,” ‘“cyanide,” “azide,” ete., is very suggestive that in 
the ferric complexes the anions F~, CN~, and N;~ are bonded to the iron and not 


” 


the neutral, i.e., uncharged, conjugate acid species HF, HCN, and HN;.? More- 
over, this distinction would be in accord with many other reactions in co-ordination 
chemistry in which fluoride, cyanide, and azide react with transition metal ions.* 
It is not surprising, therefore, that there are great similarities between the magnetic 
susceptibilities and the visible and near-ultraviolet spectra of the corresponding 
complexes of ferrihemoglobin, ferrimyoglobin, and ferriperoxidase with fluoride, 
cyanide, and azide—similarities which extend further to the fluoride and cyanide 
complexes of ferricatalase.*;° The assumption has accordingly been made and 


generally accepted that these particular complexes all contain the anions bonded 


to the iron. 

But, in spite of these similarities, the pH variations of the equilibrium constants 
for complex formation are very different. With relatively strong acid ligand 
systems, the equilibrium constants for ferrimyoglobin and ferrihemoglobin are 
approximately independent of [H*] in the pH range 5-8 and 5-7, whereas those for 
ferriperoxidase and ferricatalase are directly proportional to [H*] (see Fig. 1, A and 
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Figs. 1-3.—Typical pH variation of log 
K.»s for complex formation by the ferrihemopro- 
teins, and of EE,’ for the ferrihemoprotein 
ferrohemoprotein couples. For convenience in 
plotting the data, 1.0 has been subtracted from 
all the original log A,», values in Fig. 2, A, and 
0.3 volts added to all the original Ey’ values in 
Fig. 3, C. Fie. 1: Relatively strong acid li- 
gand systems. A, ferrimyoglobin + fluoride,® 
pKur = 3.2: B, ferricytochrome-c + Azide," 
pKuy,; = 4.7. C, ferriperoxidase + Fluoride.® 
Fic. 2: Very weak ligand systems. A, Ferri- 
myoglobin + cyanide,? pKucen = 9.5; B, fer- 
ricytochrome-c + cyanide,'? C, ferricatalase + 
cyanide.” Fie. 3: Ey’ values with respect to 
the standard hydrogen electrode. A, hemo- 
globin;* B, ecytochrome-c;® C, peroxidase.'* 
ixperimental details—ionic strengths, tempera- 
tures, ete.—may be found in the references. 


Proc. N. ALS. 


C); with very weak acid ligand sys- 
tems, over the same pH ranges, the 
equilibrium constants are approxi- 
mately inversely proportional to [H*] 
and independent of [H*], respectively 
(see Fig. 2, A and C).6-" The varia- 
tions for ferricytochrome-c follow those 
for ferrimyoglobin and ferrihemoglobin 
with both types of ligand systems (see 
Figs. 1, B, and 2, B)." '? These data 
indicate that a proton participates as 
a reactant in the ferriperoxidase and 
ferricatalase equilibria, but not in those 
of the other hemoproteins over the 
same pH range. 

The pH variations of the oxidation- 
reduction potentials can be considered 
in the same context, because a one- 
equivalent reduction, like complex for- 
mation with an anionic ligand, reduces 
the charge on a metal ion complex by 
one unit. These pH variations also 
fall into two classes (see Fig. 3, A, B, 
and C). Those for myoglobin, hemo- 
globin, and cytochrome-c are all ap- 
proximately independent of [H*] in 
the pH range 5-7, and correspond to 
that expected for single-electron trans- 
fer,18—4 j.e., 

Fe! + ¢ 
But the variation for peroxidase in- 
volves a direct proportionality to [H+], 
indicating that a proton again partici- 
pates, '® 1.e., 


Fel + e~ + [H+] —— Fe™ 


I] 


oe * ke 


Oxidation reduction between the fer- 
rous and the ferric states and the for- 
mation of the ferric complexes thus 


show entirely consistent behavior. 

The following conclusions can be 
First, there is some funda- 
mental difference in the composition 


drawn: 


and structure of either the parent 
compounds or their complexes, where- 
by, if anions are bonded to the heme 
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iron, a proton is bonded elsewhere in the complexes of ferriperoxidase and ferricata- 
lase but not in those of ferrimyoglobin, ferrihemoglobin, and ferricytochrome-c. 
Second, since the oxidation-reduction reactions show the same behavior, the dif- 
ference originates in the structure of the common reactant, namely, the parent 
ferrihemoprotein. The problem is thus to explain how the structure of a ferrihemo- 
protein can influence the pH dependence of its reactions, and this will first be dis- 
cussed in general terms. 


B. CREVICE STRUCTURES AND HEME REACTIVITY 


Two types of crevice structure can be envisaged, depending on whether the iron 
atom is joined to the protein on one or both sides of the porphyrin ring, and, for 
brevity, they will be referred to as “one-bond”’ and ‘‘two-bond”’ crevice structures, 
respectively. The one-bond crevice structure can be regarded as one extreme 
(Fig. 4, A) in a whole series of structures ranging from another extreme in which the 
heme is held flat on the surface of the protein (Fig. 4, B). In these cases it has been 


Uj; Z; Y 


/, 


/ 


Z 
Yj 


C 


Fie. 4.—Hemoprotein structures. A, one-bond crevice; B, heme flat on surface; C, two- 
bond crevice. The plane of the porphyrin ring is perpendicular to the paper, and bonding via the 
side chains has been omitted. 


customary to assume that the sixth co-ordination of the iron is occupied by a 
water molecule. Experiments on the drying of hemoglobin and its derivatives 
furnish some indirect evidence for the presence of a co-ordinated water molecule of 
this kind.” 8 If, however, the orientation of the heme in the crevice makes pos- 
sible co-ordination with a second group in the protein to give an intramolecular 
complex, a two-bond crevice structure is obtained (Fig. 4, C). 

The one-bond and two-bond crevice structures have an important property in 
common: the part of the protein which shields the heme may sterically hinder the 
entry of ligand molecules. It is this aspect of the influence of crevice structures on 
reactivity that has claimed most attention. Extensive kinetic and equilibrium data 
for the reaction of cyanide with ferricytochrome-c, which has a well-established two- 
bond crevice structure!*~*? have been discussed from this point of view.'*? On the 
basis of equilibrium constants alone, steric hindrance has been suspected in the 
combination of ferrohemoglobin and ferromyoglobin with tert-butyl isocyanide, 
because the constants are much less than those for the ethyl, n-propyl, and iso- 
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propy] derivatives, and, furthermore, no similar decrease is found in the correspond- 
ing reactions of ferroheme.**: 24 A one-bond crevice structure for hemoglobin has 
also been advanced to explain heme-heme interaction in the oxygenation reaction,” 
and it has been suggested that one heme-linked ionizing group is a histidine residue 
shielding the heme but held in such a way that direct co-ordination with the iron 
‘annot oecur.*® On the other hand, the very substantial differences between the 
thermodynamic data for corresponding reactions of ferrihemoglobin and ferri- 
myoglobin and those of ferricytochrome-c (amounting to 20 keal/ mole and 55 e.u. in 
AH® and AS®, respectively) have been taken as evidence that the heme is either 
flat on the suriace in both hemoglobin and myoglobin or else situated in a much 
shallower crevice than it is in cytochrome-c.” In the case of myoglobin in the 
crystalline state, this conclusion is now amply supported by recent X-ray studies.** 
The heme is held by links to at least four neighboring polypeptide chains, and on one 
side it is readily accessible from the environment for the attachment of small 
ligands like oxygen and large ligands such as para-iodo-phenylhydroxylamine. 

Another important property of all hemoprotein structures and especially crevice 
structures is the proton affinity of the group that is replaced by the ligand when 
complex formation occurs. This has attracted little interest, although very signifi- 
cant differences are possible. For hemoproteins in which the sixth co-ordination 
position is occupied by a water molecule, including, therefore, those with a one-bond 
crevice structure, the addition of a ligand simply liberates a solvent water molecule. 
On the other hand, when a hemoprotein with a two-bond crevice structure forms a 
complex, the weaker Fe-protein bond is broken, and the group liberated may have a 
high proton affinity or a low proton affinity. In the latter case the reactions may be 
indistinguishable from those involving the replacement of a water molecule as will 
appear shortly. 


C. HYDROGEN ION PARTICIPATION IN HEMOPROTEIN REACTIONS 


The way hydrogen ions are directly involved in complex formation will be governed 
by the following factors, associated with the hemoprotein and with the ligand, 
respectively: 

1. The pK of the group liberated by the ligand (i.e., its proton affinity) relative 
to the pH of the solution will determine to what extent the addition of a ligand to 
the iron is accompanied by the addition of a proton to this group. 

2. If the ligand participates in an acid-base equilibrium, e.g., F~, CN~, ete., 
then the pK of its conjugate acid relative to the pK of the solution will determine 
the state of ionization of the uncombined ligand in equilibrium with the complex. 

In the absence of other effects, the observed equilibrium constant, calculated in 
the usual manner from the equation 


he Bees) (1) 


{[Uncombined hemoprotein ][uncombined ligand] 


will show a [H*] dependence determined solely by the interplay of these factors. 
But, in addition, hydrogen ions may be indirectly involved through the ionization 
of heme-linked groups. The resulting effect, first observed in the hemoglobin- 
oxygen reaction and attributed to groups on the protein in close proximity to the 
heme, is to change K,», by an amount equivalent to the difference between the free 
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energy of ionization of the groups in the parent hemoprotein and those in the com- 
plex.** The pH variation of A), is, as a consequence, somewhat modified over a 
limited pH range, but its general character remains unaltered. 

Typical reactions of hemoglobin, myoglobin, cytochrome-c, peroxidase, and 
catalase will now be examined in turn to see how the participation of hydrogen ions, 
revealed by the pH variations illustrated in Figures 1, 2, and 3, can be accounted for. 

a) Hemoglobin and Myoglobin.—On the assumption that ferrihemoglobin and 
ferrimyoglobin have a structure in which the sixth co-ordination position is occupied 
by a water molecule, the fluoride and cyanide reactions in the pH range 5—7 can be 
represented thus: 


Pr-Fe+(H,O) + F-~ ——— Pr-FeF + H,0... (2) 
Pr-Fe*+(H,0) + HCN -———— Pr-FeCN + H.0 + H?*... (3) 


where Pr stands for the protein moiety and Fe* the protoporphyrin iron atom 
carrying the net charge of +1.° The reacting ligands are written as F~ and HCN 
because, with the pK values for HF and HCN of 3.2 and 9.5, respectively, these are 
the species that predominate in the acid-base equilibria in the pH range 5-7 (see 
factor 2 above). Inspection shows that equilibrium constants for reactions (2) 
and (3), calculated using equation (1), will be independent of [H*] and inversely 
proportional to [H*], respectively, in accord with the main trend of the experi- 
mental values (Figs. 1, A, and 2, A). 

In increasingly alkaline solution there is a progressive decrease in the affinity 
(lower values of AK...) for both ligands. However, the parent hemoproteins show 
marked changes in color and absorption spectra in these solutions, which have been 
attributed to the ionization of a proton from the water molecule, 


Pr-Fe+(H.O) _¥*_, Pr-FeOH + H+. (4) 


—_— 


with pKy, having values 8.86 and 9.04 at 20° for ferrihemoglobin and ferrimyo- 
globin, respectively.*: *! This ionization is equivalent to the formation of the 
hydroxide complex, i.e., 


Pr-Fe+(H.O) + OH~ -——-— Pr-FeOH + HO... (5) 


so the decrease in ligand affinity finds a ready explanation in terms of competition 
between the ligand and OH~. This can be expressed in a slightly different way. 
In alkaline solution, pH > 10, the ferrihemoproteins are present in the form Pr- 
FeOH, and reactions (2) and (3) become 


Pr-FeOH + F- + H*++— — Pr-FeF + H,0... 
Pr-FeOH + CN- + H+ -——— Pr-FeCN + H,0 


On account of its very high proton affinity, the OH~ group liberated combines 
with a proton (see factor 1 above) and, as can be seen from reactions (6) and (7), 
K ops Will be directly proportional to [H*], i.e., it will decrease with increasing pH. 

Detailed analysis of the ferrimyoglobin reactions has shown that good quanti- 
tative agreement over the whole pH range is obtained if the small, but additional, 
pH variation is attributed to one heme-linked group.* The cyanide reaction (Fig. 2, 
A) shows the effect particularly well. The theoretical equation for the variation 
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of K.,, with [H*], in terms of the various fundamental constants of the reacting 
species, is 
Kun (H*] K, (K, + [H*}) 


Aue" Av e+ i) Kn + i) +) K, 

(8) 
where Ayz, Ape, A;, and K, are the ionization constants of the ligand conjugate 
acid HL, and co-ordinated water molecule (reaction [4]), and the heme-linked 
group in reactant and product, respectively. Ay, is the equilibrium constant for the 
addition of L~ when the heme-linked group is dissociated in both reactant and 
product, i.e., the parent hemoprotein and the complex. 

In ferrohemoglobin and ferromyoglobin it is reasonable to assume that the sixth 
co-ordination position is also occupied by a water molecule, and the variation of Eo’ 
with pH can be explained in the same way. The theoretical equation, based on 
the single electron-transfer reaction, 


Pr-Fe*+(H,O) + e~ ———> Pr-Fe(H.0)... (9) 


is analogous to equation (8) with the omission of the term containing Ay,. In 
the case of hemoglobin the onset of the direct proportionality to [H*] at pH 6.5 
(see Fig. 3, A) has been attributed to Ay, and AK, having very similar values.”* 

b) Cytochrome-c.—From the time of its discovery, the observation that the 
absorption spectra of the ferrous and ferric forms of cytochrome-c resemble so 
closely those of hemochromogens and parahematins left little doubt that the heme 
is held in a two-bond crevice structure with Fe-N bonds.'* Later, following on 
the discussion of heme-linked ionizations in hemoglobin in terms of histidine residues 
with one joined directly to the iron,” the changes in magnetic susceptibility and 
absorption spectra of ferricytochrome-c over a wide pH range were attributed to the 
presence of two histidine groups joined directly to the iron.** The structure is 
now known in some detail from amino acid sequence studies on the peptides pro- 
duced by trypsin digestion.”°~*! It is established that one Fe-histidine bond could 
be formed within the hemopeptide fragment, which also contains thio-ether linkages 
binding the heme through a-addition of cysteine SH groups to the vinyl side 
chains, but the identity of the second group joined to the iron in the native hemo- 
protein is still an open question. 

The pH variations for the ferricytochrome-c reactions throw some light on this 
problem. Since in this respect ferricytochrome-c resembles ferrihemoglobin and 
ferrimyoglobin (see Figs. 1, A and B, 2. A and B), the reactions must also involve 
simple replacement: 


pH >6<8: Pr-Fe+-X + N;- —— Pr-FeN; X... (10) 


Pr-Fet-X + HCN —— Pr-FeCN X + H+... (11) 


where X stands for one of the nitrogenous base groups. It can be seen that the 
equilibrium constants calculated using equation (1) will be independent of [H*] and 
inversely proportional to [H*], respectively, in accord with experiment. However, 
if the reactions are to occur in this way, the group X must have a low proton 
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affinity such that the pH range employed for the equilibrium-constant measure- 
ments, beginning at pH 6, lies on the alkaline side of its pK value. Otherwise the 
addition of a ligand to the iron would be accompanied by the addition of a proton to 
X. This criterion would appear to exclude all nitrogenous base groups with the 
exception of the glyoxalinium nitrogen atom of histidine, which, in the free amino 
acid, has a pK of 6.0.°° Hence, if the inference based on spectroscopic similarities 
is correct, one of the groups can be identified as histidine. However, there is no 
evidence at present to indicate whether it is the one located in the hemopeptide 
fragment or is a second histidine group situated in a more remote part of the 
polypeptide chain of the native hemoprotein. 

The pH independence of the oxidation-reduction potential follows if the two-bond 
crevice structure is preserved over the same pH range in ferrocytochrome-c. There 
is good spectroscopic evidence that this is the case. Reduction then involves 
single electron transfer: 


pH 5-7: Pr-Fe+-X + e~ —— Pr-Fe-X... (12) 

(Ferricytochrome-c) (Ferrocytochrome-c) 
It may be noted in passing, however, that data for the cyanide reaction and for 
oxidation-reduction in more alkaline solution cannot be explained by these reactions 
alone, and the participation of heme-linked ionizing groups has been suggested.!*» © 

c) Peroxidase and Catalase.—In the general discussion of crevice structures and 
heme reactivity, it was envisaged that with two-bond crevice structures the bond 
broken when complex formation occurs can be to a group having either a low or a 
high proton affinity; and the structure of eytochrome-c has accordingly been shown 
to come into the former category. However, the pH variations for the reactions of 
ferriperoxidase and ferricatalase indicate that these equilibria differ in that a proton 
participates as a reactant. 

This can be accounted for very simply by the hypothesis that ferriperoxidase and 
ferricatalase have the other kind of two-bond crevice structure where the group 
liberated has a high proton affinity.!. If the pH range of equilibrium-constant 
measurements lies on the acidie side of its pK, addition of the ligand to the iron will 
be accompanied by the addition of a proton to this group. The fluoride and cyanide 
reactions can be represented thus: 


pH 5-7: Pr-Fet-Y + F- + H+ —— Pr-FeF YH"... (13) 


Pr-Fe+-Y + HCN —— Pr-FeCN YHt... (14) 


where the group Y may be either neutral or negatively charged. Inspection shows 
that the equilibrium constants for reactions (13) and (14), calculated using equation 
(1), will be directly proportional to [H*] and independent of [H*], as found ex- 
perimentally (Figs. 1, C, and 2,C). In the pH range 4-7 the variation of Eo’ with 
pH for ferriperoxidase (Fig. 3, C) can be explained in a similar manner by a single 
equivalent reduction reaction which entails proton addition as well as electron 
transfer: 


pH 4-7: Pr-Fe+-¥ + e- + H+ + H,O —— Pr-Fe(H.0) YH+ (15) 


Ferriperoxidase) (Ferroperoxidase) 
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But, as indicated in reaction (15), the further assumption has to be made that, 
unlike ferrocytochrome-c, the crevice structure is no longer present in ferroperox- 
idase. 

D. EQUATIONS FOR COMPLEX FORMATION WITH TWO-BOND CREVICE STRUCTURES 


It will be apparent that the difference between two-bond crevice structures 
where the groups liberated have high and low proton affinities, respectively, is only 
one of degree, and the actual pH variation observed might well depend on the pH 
range of the equilibrium measurements. However, the role which the hemoprotein 
structure can play is a little more complicated than that described in Section C 
under factor 1, because a two-bond crevice structure will be stable only over a 
certain pH range determined by the pK of the group concerned, the strength of the 
bond to the iron, and the affinity of the iron for OH-. 

In acidic solution, provided that the protein is not denatured and the strength 
of the crevice bond and the pK of -YH* have appropriate magnitudes, the crevice 


will be opened :*4 


Pr-Fe+-Y + H+ + H,O —— Pr-Fe+(H.0)YH*... (16) 


On the other hand, in alkaline solution, depending on the hydroxy] ion affinity of 
the iron and, again, on the pK of — YH*, the crevice will be opened: 

sia dicta ca tae 

Pr-Fe*-Y + H,.Q ——— Pr-FeOH Y + H?*... (17) 
This is the reaction that corresponds to the ionization of the co-ordinated water 
molecule with the other type of hemoprotein structure (e.g., ferrihemoglobin and 
ferrimyoglobin), and it can be formulated as the direct formation of the hydroxide 
complex in a similar way: 

Pr-Fe+-Y + OH~ ——— Pr-FeOH Y... (18) 

Summing up, the crevice structure for the parent hemoprotein will, in principle, be 
maintained between a pH value in acidic solution, such that [H*] is no longer high 
enough for H+ to compete effectively with Fe*+ for the group Y (reaction [16]), and 
a pH value in alkaline solution, such that [H*] is so low that OH~ competes 
effectively with Y for the Fe* (reaction [18]). 

Typical reactions representing fluoride and cyanide complex formation and the 
resulting [H+] dependence of the equilibrium constants can now be listed for the 
entire range, from acidic to alkaline solution. 

(i) Acidic Solution.—Crevice open: uncombined ligands present as HF and 
HCN: 


Pr-Fe+(H,O) YH+ + HF —— Pr-FeF YH+ + H,O + H+... (19) 


Pr-Fe+(H,0) YH+ + HCN ——= Pr-FeCN YH+ + H.O + H+... (20) 


Equilibrium constants for both reactions inversely proportional to [H*]. 
(ii) Less Acidic Solution.—Crevice intact: uncombined ligands present as HF 


and HCN: 
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Pr-Fe+-Y + HF-—— Pr-FeF YH*... (21) 


Pr-Fet+-Y + HCN ——— Pr-FeCN YH... (14) 


Equilibrium constants for both reactions independent of [H+]. 
(ili) Weakly Acidic Solution.—Crevice intact: uncombined ligands present as 


I- and HCN: 
Pr-Fe+-Y + F- + H+ —— Pr-FeF YH?*... (13) 


Pr-Fe+-Y + HCN ——— Pr-FeCN YH?*... (14) 


Equilibrium constants directly proportional to [H+] and independent of [H*], 
respectively. 

(iv) Weakly Alkaline Solution, but pH > pKyy.—Crevice intact: uncombined 
ligands present as F~ and HCN: 


Pr-Fe+-Y + F- —— Pr-FeF Y... 22) 


Pr-Fe+-Y + HCN —— Pr-FeCN Y + H?*... (23) 


Equilibrium constants independent of [H*] and inversely preportional to [H+], 
respectively. 
(v) More Alkaline Solution—Crevice intact: uncombined ligands present as 


F- and CN 
Pr-Fet-Y + F- —— Pr-FeF Y.. 


Pr-Fet-Y + CN- —— Pr-FeCN Y 


Equilibrium constants for both reactions independent of [H*]. 
(vi) Alkaline Solution.—Crevice open: uncombined ligands present as F 


CN 
Pr-FeOH Y + F- + H+ ——— Pr-FeF Y + H,0.. (26) 


Pr-FeOH Y + CN- + H*+ —— Pr-FeCN Y + HO. (27) 


Equilibrium constants for both reactions directly proportional to [H*}. 

For reactions (i), (iv), (v), and (vi) the equilibrium constants show the same 
{H+} dependence as would a hemoprotein with the co-ordinated water molecule 
structure, but, due to the addition of the proton to Y, the dependence is character- 
istically different for (ii) and (iii). Other sequences of changes can be obtained, 
for example, if HF is ionized before [H+] falls low enough for the crevice to form or 
if pKyy > pKyen or if the crevice is opened in alkaline solution at a pH less than 
pKuen. 

In working out theoretical equations for the variation of A, with [H*] over the 
entire pH range, to cover all these cases, it is necessary to consider, first of all, the 


equilibrium existing in the absence of any ligand between the intact crevice struc- 
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ture and an open structure containing the elements of water. This equilibrium 
will assume one of two forms, depending on whether -YH* is a stronger or a 
weaker acid than the co-ordinated water molecule that would otherwise be attached 
to the iron in the absence of the group Y, i.e., 


Kuy > Kre: Pr-Fe+-Y + H,O Sa Pr-Fe*+(H,O) Y... (28) 


Kuy< Kr:  Pr-Fet+-Y + H}O —— Pr-FeOH YH‘... (29) 


Ker 


For the hemoprotein to exist predominantly in the form Pr-Fe+-Y the equilibrium 
constant for the formation of the crevice bond Fe*+-Y, K,, in reaction (28) or K,,’ 
in reaction (29) must be greater than unity. To evaluate equilibrium constants for 
complex formation with an added ligand, one particular reacting species now has 
to be chosen for a reference reaction, and, to facilitate comparison with ferrihemo- 
globin and ferrimyoglobin,® the co-ordinated water molecule structure will again 
be adopted. As a first approximation it may be assumed that the equilibrium 


constant Ay is identical for both Pr-Fe+(H2O)Y and Pr-Fe*+(H,O)YH*, and on 
this basis the two following equations are obtained: 


If Kyy > Ky, 
4 5 Ku H*+]({H*] + Kuy) 
Kove = Ki X m Ree err a ss a fa — HY... .(30) 
(Kurt [H*])  ({H*+)? + KuyKer[H*] + KuyKr) 
While, if Ke ~ Kuy, 
x ae oi [H*}({H*] + Kuy) 
(Kur + [H*]) ({H*}? os KyeK.’ [H*] + KuyKy.) , 
K yz is the ionization constant of the ligand conjugate acid as before (see eq. [8]). 
The change in the [H+] dependence in acidic solution which is brought about 
by the closing of the crevice, i.e., from (i) to (ii) in the above sequence of reactions, 
corresponds to the condition that 


[H+]? < Kyyk.,{H*] > KuyKre 


Kops = Ky (31) 


[H+]? < Ky. Ke,’ [H*] > KuyKre 


in the denominator of equation (30) or (31), respectively, while [H*] remains greater 
than Kyy in the numerator. The change from (iii) to (iv) follows when [H+] < 
K yy in the numerator of either equation; and the hemoprotein with the two-bond 
crevice structure then reacts just like one having only the co-ordinated water mo- 
lecule. This is illustrated in Figures 5 and 6, where K,,, for the formation of 
fluoride and cyanide complexes of both types of hemoprotein is plotted as a function 
of pH over the entire range (i)—(vi) according to equations (30) and (8) (omitting 
any contribution from heme-linked ionizations). 

In alkaline solution (vi) it can be seen that the affinity for the ligands again de- 
creases with increasing pH due to competition with the OH~ ion. However, for 
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Fies. 5-6.—Schematie plots for the variation of log Kops 
with pH for the formation of fluoride and cyanide complexes. 
Figs. 5, A, and 6, A: A ferrihemoprotein with a two-bond crev- 
ice structure, values chosen for the constants Aqy = 107 
Ker = 10°, Kye = 10-8. The over-all reactions occurring in the 
pH ranges (i) to (vi) are listed in Section D. Figs. 5, B, and 6, 
B: A ferrihemoprotein with a co-ordinated water molecule 
structure, value chosen for the constant Kye = 107°. 





the two-bond crevice structure, the change from the “acidic’”’ to the “alkaline” 
species, corresponding to the formation of the hydroxide complex, is no longer a 
simple ionization but also involves breaking the crevice (see reactions [17] and 
[18]). For the ease where Kyy > Ky, the co-ordinated water molecule may be 
considered to ionize after reaction (28), i.e., 


Pr-Fe+-Y + H,0 —— Pr-Fe+(H,0) Y... (28) 


er 
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Pr-Fe+(H,0) Y — "<= Pr-FeOH Y + H+. (32) 


and for the case where Ayy < Ay,.. -YH* may be considered to ionize after reac- 
tion (29), i.e., 


Pr-Fe*-Y + H,0O — Pr-FeOH YH* (29) 


: ‘ * : 
Pr-FeOH YH* —~— Pr-FeOH Y + H+ 

It follows that the constant for the over-all ionization in reaction (17) will be 

_ Kee 


K,; . 
= 


a? Kuy 
' oa 
Substitution in equations (30) and (31) then gives, for Kyy > Ax,, 


Kun __ [H*)({H*] + Kuy) 


Kaa wi ; line | 
ee (Kut + [H*)) © [H+]? + KuyK..({H*] + Ki 


and for Kp. > Any. 


irs, Kur ; (H*)({H*] + Any) 
“(Kut + (H+) © [H+]? + KpeKer’({H*] + Ky’) 


K obs = K (37) 
Hence the final change in [H*]| dependence in alkaline solution from (v) to (vi) 
corresponds either to the condition that [H*]< A,. as shown in Figures 5, A, and 
6, A, or that [H*+]< K,’. By comparison, a more simple condition obtains with the 
hemoprotein having only the co-ordinated water molecule, namely, [H+] < A yg, 
as can be seen from equation (8) and Figures 5, B, and 6, B. 


E. FURTHER DISCUSSION OF A TWO-BOND CREVICE STRUCTURE FOR FERRIPEROXIDASE 
AND FERRICATALASE 


There are insufficient data available at present to decide whether the pH vari- 
ations for the formation of ferriperoxidase and ferricatalase complexes revert to 
those characteristic of ferrihemoglobin and ferrimyoglobin when measurements are 
made in rather alkaline solution. Such a change, from (iii) to (iv) in the sequence 
of reactions in Section D, would furnish substantial evidence for the participation 
of the bonding group -Y. Nevertheless, the ionization of ferriperoxidase between 
pH 10.5 and 11.5.° which is accompanied by marked changes in absorption spectra 
and magnetic susceptibility somewhat similar to those observed with ferrihemo- 
globin and ferrimyoglobin, is itself indicative of a fundamental alteration in the 
{[H*]| dependence. An inspection of the detailed steps involved in the ionization 
of a two-bond crevice structure, given above in reactions (28) and (32) or (29) and 
(33), shows that the formation of a hydroxide complex can, in fact, occur only in 
solution alkaline to the pK of the group -YH*. This can also be seen from the 
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following comparison. In relatively acidic solution the formation of the fluoride 
and cyanide complexes of ferriperoxidase ~-how pH variations characteristic of the 
simultaneous addition of a proton, as in reactions (13) and (14). Now the equiva- 
lent reaction for the formation of a hydroxide complex, consistent with these pH 
variations, would be 


Pr-Fet-Y + H,O ——— Pr-FeOH YHt... (i.e., 29) 


But this is not an ionization process, since no proton is liberated. The species 


formed, Pr-FeOH YH*, is simply one of the open structures that, by definition, 
‘an be present to only a small extent in equilibrium with the crevice structure, and 
its concentration is independent of pH; moreover, this reaction has already been 
taken into account as reaction (29) above. The complete formation of a species 
containing -FeOH is thus dependent upon the further ionization of -YH*. 

The relative merits of the present interpretation of ferriperoxidase and ferri- 
catalase complex formation and three other explanations that have been advanced 
in the past will now be discussed. 

First, if ferriperoxidase and ferricatalase differ structurally from ferrihemoglobin 
and ferrimyoglobin in having OH~ bonded to the iron instead of a water molecule, 
even in neutral solution, then complex formation would occur:* 


pH 5-8: FeOH + F- + H+ —— FeF + HO... (38) 
FeOH + HCN -——— FeCN + H.O... (39) 


But this explanation fails to take into account the ionization of ferriperoxidase with 
pK~11, which, in view of the similarity with the ionizations that occur in ferri- 
hemoglobin and ferrimyoglobin, is more naturally identified with the formation of 
the hydroxide complex. 

Second, if the four parent ferrihemoproteins all have the co-ordinated water 
molecule structure but in the peroxidase and catalase complexes the conjugate 
acids are bonded to the iron instead of the anions, then complex formation would 
proceed :'° 


pH 5-8: Fe+(H,O) + F- + H+ —— Fet(HF) + HO... (40) 
Fe+(H.O) + HCN -—— Fe*(HCN) + HO... (41) 


This can be criticized on the grounds that the structures of the complexes differ 
from those of hemoglobin and myoglobin, which seems contrary to the many 
similarities in physical properties. Moreover, the protons bound in complexes of 
this kind would be expected to ionize at some point in the pH range from acidic to 
alkaline solution. For example, even with ferrocyanic acid, HyFe(CN)., the 
ionization of the last proton, from Hke(CN).*~, which might well be regarded as 
unfavorable on account of the large negative charge, nevertheless occurs with a pK 
of about 4.*% Furthermore, the conjugate acids of the simple complexes formed 
between transition metal ions and fluoride ions, e.g., H;FeFs, are strong acids already 
dissociated in solutions of very low pH. 

The third explanation requires the postulate of a heme-linked ionizing group in 
peroxidase and catalase that changes its acid strength when complex formation 
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occurs, so that, while it is in the conjugate base form in the parent compounds, it is 
in the conjugate acid form in the complexes over a pH range extending at least from 
pH 5 to 8.” Denoting the group by HZ-, complex formation can be represented 
thus: 


pH 5-8: Z~-Pr-Fe+(H,O) + F~ + H*+ -—— HZ-Pr-FeF + HO... (42) 


Z~-Pr-Fe+(H,O) + HCN -—— HZ-Pr-FeCN + H,O... (43) 


But the increment between the pK of HZ- in the parent compound and in the 
complex would need to be at least three pH units, far greater than the pK increments 
obtained for the heme-linked groups in hemoglobin and myoglobin derivatives 
which range from about 0.3 to 1.2 pH units.6 The assumption that there are 
several groups of this kind in peroxidase and catalase with suitably overlapping pix 
ranges could meet this objection, but it seems very unlikely for structural reasons. 

However, there is no very precise and exclusive definition of a heme-linked ioniz- 
ing group. Sometimes it has been defined on a structurai basis as one linked to the 
iron, and so the co-ordinated water molecule has been included in this category; 
at other times the “linked” thermodynamic behavior has been emphasized, namely, 
the way the ligand affinity of the iron depends upon the extent to which the group is 
ionized.** Hence the -YH* group in the reactions of the two-bond crevice structure 
could very well be regarded as a heme-linked group, for not only is it structurally 
linked to the iron when present on the conjugate base -Y over a certain pH range, 
but the ionization of -YH* has a profound effect on ligand affinity. Furthermore, 
reference to Figures 5, A, and 6, A, and equaticas (30) and (31) shows that the 
breaking of the bond to Y in acidic solution and the ionization of -YH* in more 
alkaline solution combine to give an apparent “pK increment” which has the value 
log K,, if Kyy > Kye, or log (K,,.’Ky./Kyy) if Kyy< Ky. In principle, this in- 
crement can be many pH units, since there is no restriction on the magnitudes of 
K.,, etc., and the crevice-forming group can thus produce a “heme-linked”’ effect 
over a much bigger pH range than would seem possible with the group HZ- in 
reactions (42) and (43). But -YH*, by virtue of the direct bonding of Y, cannot 
undergo a truly independent ionization in the parent hemoprotein, and it. therefore 
differs from the type of heme-linked group believed to be present in hemoglobin and 
in myoglobin, which is capable of independent ionization in both the parent com- 
pound and the complex (see Sec. C, eq. [8], and reactions [42] and [43]). A clear 
distinction should therefore be made. For a similar reason the co-ordinated water 
molecule is a different kind of linked group. Although it can ionize in the parent 
compound, it cannot in the complex, since, having been replaced by the ligand, 
it is no longer an integral part of the hemoprotein structure. A more detailed 
comparison of these effects, on the basis of equations (8) and (30), has been given in 
a recent review.® 

A major criticism of a two-bond crevice structure for ferriperoxidase and ferri- 
catalase in relation to a co-ordinated water molecule structure for ferrimyoglobin 
and ferrihemoglobin is that the spectra of all four hemoproteins are very similar and 
differ significantly from that of ferricytochrome-c. While this is true, it does not 
necessarily rule out a crevice structure. Similar absorption spectra might arise 
because the two-bond crevice retains a co-ordinated water molecule, as suggested in 
another context for hemoglobin,*® or because some atom other than nitrogen is 





Vou. 44, 1958 BIOCHEMISTRY: GEORGE AND LYSTER 1027 


directly bonded to the iron. Several complexes are known where the spectra 
closely resemble that of the parent hemoprotein—for example, cyanate, thiocya- 
nate, formate, acetate, and propionate.**~*! Alcohols and phenols have been 
observed to combine with hemin, giving complexes with spectra like those of acidic 
ferrihemoglobin and ferrimyoglobin;*? and in alkaline solution phenol, in the form 
of the phenoxide ion, forms a complex with ferrimyoglobin having a spectrum 
similar in some respects to that of catalase.‘* Of the amino acids commonly 
present im hemoproteins, serine, threonine, tyrosine, and possibly hydroxyproline 
have HO-groups in their side chains and can thus be regarded as potential crevice- 
forming groups. Moreover, a crevice could be closed, not by an ordinary amino 
acid side chain of the protein, but by some special group. For instance, in vitamin 
By there is the nucleotide co-ordinated to the Co’ via an amino-alcohol attached to 
the propionic acid side chain of the porphyrin-like ring.“ If there were one special 
group per iron atom, it would be present in peroxidase and catalase in molecular 
weight units of 41,000 and 59,000, respectively, and in such low concentrations it 
might well be very difficult to detect in the protein hydrolyzates. 

There is scarcely any evidence at present apart from the pH variation of the 
equilibrium constants to support the crevice structure; yet it may be significant 
that ferriperoxidase and ferricatalase are sometimes converted on storage into 
derivatives having the characteristic absorption spectra of parahematins.’ This 
cannot be attributed to gross denaturation, since, on addition of the normal 
ligands, the familiar complexes are again formed. Similar behavior under such 
mild conditions has not been reported in the case of ferrihemoglobin and ferri- 
myoglobin, although with far more drastic treatment, in which the hemoproteins 
are dried and dehydrated to such an extent that the water-vapor pressure reaches 
about 12 mm., ferrohemoglobin yields a hemochromogen derivative and ferrihemo- 
globin a parahematin derivative.” '* There is some evidence to suggest that inter- 
molecular bonding occurs.“ However, if the conversion of ferriperoxidase and 
ferricatalase is an intramolecular process, it is easy to visualize how a two-bond 
crevice structure present initially could facilitate the reaction. All that would be 
required would be a minor conformational change within the crevice that dislodges 
the normal group (-Y) and brings a nitrogenous base group into such a position that 
an Fe-N bond ean form. 

Although the nature of the Fe-protein bond in hemoglobin has often been dis- 
cussed and bonding to histidine is regarded as the most likely,* there is scarcely any 
information on hemoglobin or its reactions that provides direct. chemical evidence 
about even the type of group to which the iron is joined. However, it has recently 
been pointed out that the simplest interpretation of the experiments referred to 
above substantiates the hypothesis that an Fe-N bond is already present in the 
native hemoprotein, because, on drying, only the second Fe-N bond would then 
have to be formed. For the same reason, the conversion of ferriperoxidase and 
ferricatalase into parahematins is a strong indication that one Fe-N bond is already 
present in these hemoproteins too. The structural environment of the heme iron 
atom can be represented thus: 


Ferrihemoglobin and ferrimyoglobin: Protein(nitrogenous base)-Fe*(H2O) 


Ferriperoxidase and ferricatalase; Protein(nitrogenous base)-Fet-Y 
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and its different reactivity would be attributable to the participation of the group Y 
and the possibility (or likelihood) that the nitrogenous base groups are not 
the same. 

Finally, this kind of structure for ferriperoxidase and ferricatalase would provide 
a new basis for understanding why they behave differently from ferrihemoglobin 
and ferrimyoglobin when they react with peroxides and other strong oxidizing 
agents. The compounds formed, which play the role of ‘intermediate compounds”’ 
if an oxidizable substrate is present and catalytic oxidation ensues, have been 
shown to be higher oxidation states of the heme group.** While ferrimyoglobin and 
ferrihemoglobin give a single intermediate compound, one oxidation equivalent 
above the ferric state, ferriperoxidase and ferricatalase give two far more reactive 
intermediate compounds, one and two equivalents, respectively, above the ferric 
state. Furthermore, the absorption spectra of the one equivalent higher oxidation 
states are very different. With a crevice structure in the parent hemoprotein, 
there would be the possibility that it remained intact in one or in both of these 
higher oxidation states which are responsible for the highly specific catalytic ac- 
tivity. 


The work reported above forms part of a research program supported by grants 
from the National Science Foundation (G 2309), and the United States Public 
Health Service (RG 4850). 
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THE SYNTHESIS OF HEMOGLOBIN IN A CELL-FREE SYSTEM 
By RicHARD SCHWEET,* HILDEGARDE LAMFROM,*+ AND ESTHER ALLEN 


BIOCHEMISTRY DEPARTMENT, CITY OF HOPE MEDICAL CENTER, DUARTE, CALIFORNIA, AND DIVISION 
OF BIOLOGY, CALIFORNIA INSTITUTE OF TECHNOLOGY, PASADENA, CALIFORNIA 


Communicated by James Bonner, August 22, 1958 


The microsomal particles! have been implicated as the major sites of protein 
synthesis within the cells of a variety of tissues. The studies of Borsook, Zamecnik, 
Hultin, and others, with intact animals and various types of whole cell systems (see 
review by Askonas et al.*), as well as electron-microscope studies,’ provided the 
original evidence for this conclusion. Zamecnik and Keller* have, in addition, 
developed cell-free systems which incorporate C'*-labeled amino acids into protein. 
These include microsomes as well as various soluble enzymes.’ Further studies 
have partially defined the intermediate stages involved.6 However, it has not 
yet been possible to equate incorporation of labeled amino acid into protein with 
actual protein synthesis (see review by Campbell’). 

Kruh and Borsook® have demonstrated that rabbit reticulocytes synthesize 
hemoglobin in vitro and that approximately 85 per cent of the soluble protein 
made by such cells is of this one species. Studies with whole cells by Rabinovitz 
and Olson’ have shown that microsomes participate in the synthesis of hemoglobin. 
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These authors have also demonstrated incorporation of iron into hemoglobin in a 
cell-free system containing reticulocyte microsomes. '° 

It is clear, then, that reticulocytes offer a favorable system for study of the 
synthesis of a specific protein. This paper describes a cell-free system consisting 
of reticulocyte microsomes and soluble enzymes which possesses the ability to 
produce hemoglobin. 


METHODS AND MATERIALS 


Preparation of Microsomes and Enzymes.—Rabbit reticulocytes were prepared 
and washed as described by Borsook et al.'! All operations were performed at 4° C. 
unless otherwise indicated. The packed cells (usually 50 ml. from 2 rabbits) were 
lysed by the addition of 4 volumes of 0.005 7 magnesium chloride, and the mixture 
was stirred gently for 10 minutes. One volume of 1.5 M sucrose containing 0.15 
M potassium chloride was added slowly, and the mixture centrifuged at 10,000 x 
g for 10 minutes. The precipitate, containing cell membranes and unbroken cells, 
was discarded. The solution was then centrifuged for 1 hour at 105,000 X g, 
yielding a precipitate and supernatant (super I). The precipitate (microsomes) 
was washed by suspending in 100 ml. of Medium A® and was centrifuged for 1 
hour at 105,000 X g. The washed microsomes were suspended in Medium A, 
yielding a pale-yellow, opalescent solution (20-28 mg. of ribonucleoprotein per 
ml.). The supernatant (super IT) was discarded. 

The dark-red supernatant from the first high-speed centrifugation (super I) was 
adjusted to pH 5.15 with 1 N acetic acid, centrifuged, and the precipitated protein 
dissolved in 0.1 M Tris buffer, pH 7.5 (pH 5 enzyme, 12 mg. of protein per ml.). 
Guinea-pig liver pH 5 enzyme was prepared in a similar way'? but was reprecipi- 
tated at pH 5.15 before use. 

Assay Procedure.—The complete reaction mixture contained 0.5 ml. of micro- 
somes; 0.4 ml. of pH 5 enzyme; 150 ug. of creatine kinase purified through the 
alcohol fractionation;'® 1 ymole of potassium adenosine triphosphate (ATP), 
adjusted to pH 7.5 with potassium hydroxide; 20 umoles of creatine phosphate 
(CrP), adjusted to pH 7.0 with hydrochloric acid; 0.25 wmole of guanosine triphos- 
phate (GTP); 0.1 umole of C'*-labeled amino acid (leucine, isoleucine, and valine 
were the uniformly labeled L-isomers obtained from Nuclear-Chicago, Inc., diluted 
to a specific activity of 3,800 counts/min/mymole); and the complete amino acid 
mixture, in a final volume of 1.4 ml. Creatine phosphate was obtained from the 
California Corporation for Biochemical Research, Los Angeles, California, and 
other nucleotides were products of the Pabst Laboratories. The complete amino 
acid mixture contained the 18 amino acids in the proportions, but at one-sixth 
the final concentration, described by Borsook and co-workers.'* The C!*-labeled 
amino acid under study was omitted from the mixture of unlabeled amino acids. 
In some experiments, 0.2 ml. of super I, containing approximately 30 mg. of hemo- 
globin per ml., was added. 

After incubation for the indicated time (15-60 minutes) at 37° C. with shaking, 
the proteins were precipitated and washed once with 3.5 per cent trichloracetic 
acid, dissolved in 0.5 ml. of 1 N sodium hydroxide, reprecipitated, and washed once 
with trichloracetic acid, then heated at 60° C. for 10 minutes in 3 ml. of 95 per cent 
ethanol, Two volumes of ether were added after heating, to insure precipitation 
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of protein, and the precipitate was finally washed twice with ether. The dried 
precipitates were weighed and counted with a Nuclear ‘Micromil” window gas- 
flow counter. Al! results are corrected for self-absorption. The results are given 
as counts per minute (e.p.m.) per milligram of microsomes, based on the actual dry 
weight of a sample of microsomes washed as described above. This precipitate was 
found by ribose analysis to contain 30-40 per cent ribonucleic acid (RNA). 

Isolation of Hemoglobin.—The large-scale incubation for the isolation of hemo- 
globin contained (in one beaker) the usual assay constituents at a sixfold level, 
using reticulocyte pH 5 enzyme, and with 1.2 ml. of super I added. The mixture 
was incubated for 60 minutes and then cooled in an ice bath. An additional 1.3 
ml. of super I was then added, to bring the total carrier hemoglobia to about 60 
mg. The mixture was centrifuged for 1 hour in the cold at 105,000 * g to remove 
microsomes. The supernatant proteins contained approximately 103,000 ¢.p.m. 
This solution was adjusted to pH 5.15 and the precipitate removed. The super- 
natant was immediately readjusted to pH 7.0. The proteins precipitated at pH 5 
contained 36,000 ¢.p.m. This precipitate probably includes, in addition to pH 
5 enzyme, aggregated ribonucleoprotein from microsomal degradation and ab- 
sorbed hemoglobin (estimated as 10 per cent of the supernatant hemoglobin). 
The supernatant solution was dialyzed overnight against 0.1 M Tris buffer, pH 7.5, 
and the hemoglobin then precipitated by addition of solid ammonium sulfate to 90 
per cent saturation. The precipitate was dissolved in water and dialyzed against 
developer No. 2, as described by Allen and co-workers.* An aliquot of the dialyzed 
solution, containing 31,000 c.p.m., was then chromatographed on Amberlite IRC-50 
resin, using this same developer. Since rabbit hemoglobin is adsorbed on the resin 
more strongly than human hemoglobin, the final elution was done at room tem- 
perature.'® The optical densities at 280 and 415 my were recorded for each fraction. 
For determination of radioactivity, the protein was precipitated with trichloracetic 
acid, followed by the ethanol and ether washes as described above. Carrier hemo- 
globin was added where needed to provide 10-15 mg. of dry protein per sample for 
counting. 


EXPERIMENTS AND RESULTS 


Properties of Incorporation System.—The results in Table 1 show incorporation of 
C'*-labeled leucine into protein, using microsomes from rabbit reticulocytes, plus 


TABLE 1 


INCORPORATION OF C'-LEUCINE INTO PROTEIN 

C.p.m./Mg 

Reaction Mixture Microsomes 
Complete system,* g. pig pH 5 enzyme 670 
Complete system,* minus amino acid mix 366 
Complete system,* minus pH 5 enzyme 192 
Complete system,* minus pH 5 enzyme minus amino acid mix 110 
Complete system,* minus ATP, minus CrP 45 
Complete system,* with reticulocyte pH 5 enzyme 806 


* The complete system is described in the text. The incubation time was 30 minutes. 


pH 5 enzymes from either guinea-pig liver or reticulocytes. The process is energy- 
dependent, as originally observed by Zamecnik and Keller. No imeorporation 
occurred in the absence of microsomes, with boiled microsomes, or with cell debris 
substituted for microsomes. Five ug. of crystalline ribonuclease reduced incorpora- 
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tion more than 90 per cent. Substitution of 10 wmoles of ATP for the CrP in- 
hibited incorporation almost completely. When GTP was omitted, the activity 
was reduced to half that of the complete system, even without removal of nucleo- 
tides.> In contrast to preparations of liver microsomes,” the results with different 
batches of reticulocytes were reproducible under standard conditions, agreeing with 
one another to within 15-20 per cent. 

Addition of the complete amino acid mixture developed by Borsook and co- 
workers!‘ doubled the incorporation of C'*-leucine, as shown in Table 1, and had a 
similar effect on C'*-valine incorporation in other experiments. This amino acid 
mixture was designed to yield optimal synthesis of hemoglobin by whole cell 
suspensions of rabbit reticulocytes. In this respect amino acid ‘‘incorporation”’ 
in the cell-free system resembles protein synthesis by whole cells.’ Addition of an 
amino acid mixture containing each amino acid at a uniform concentration (0.25 
umoles per beaker) was inhibitory. 

The finding that only freshly-prepared pH 5 enzyme was effective in stimulating 
incorporation in the cell-free system suggests that labile enzymes play a role in this 
stimulation. Studies with guinea-pig liver pH 5 enzyme have shown that certain 
activating enzymes which are present in very low amounts in fresh preparations 
are inactive after overnight storage,'’ either at 4° or at —20° C. Thus it is possible 
that all the activating enzymes are needed for incorporation in the cell-free system, 
although other labile enzymes may be important also. More detailed investigation 
of these points is required, however, since the optimal assay conditions have not 
been studied in detail. For example, the addition of glutathione (5 uwmoles per 
beaker) and extra magnesium ion (3 wmoles per beaker) each increased the in- 
corporation of C'*-leucine by 15 per cent and were additive when both were present. 
The addition of 0.2 ml. of super I increased incorporation sometimes as much as 
twofold, but this effect varied with different microsome preparations. 

Isolation of Radioactive Hemoglobin.—In most cell-free amino acid incorporation 
systems* '’ the reaction ceases after 15-20 minutes of incubation. Progress curves 
with reticulocyte microsomes (complete system) show an almost constant increase 
in incorporation for at least 45 minutes and occasionally for 60 minutes. It is 
probable that amino acids are assembled into protein in the ribonucleoprotein 
particles and then secondarily released into the cytoplasm as completed proteins. '* 
A failure to release completed proteins from the microsomes in other cell-free 
systems might account for the cessation of the reaction after a short time. 

The continued incorporation for longer time periods with reticulocyte microsomes 
suggested that soluble proteins were being produced. To study this, the usual 
mixture, after incubation, was centrifuged for 1 hour at 105,000 * g, and micro- 
somes and soluble proteins were washed separately as described above. After a 
30-minute incubation time, 10-15 per cent of the radioactivity was present in 
soluble proteins. When the microsomes from these experiments were frozen and 
thawed or treated with desoxycholate,” the radioactivity in soluble protein was 
increased only slightly. After 1 hour of incubation, however, 50-60 per cent of 
the radioactivity was present. in soluble proteins. The following experiment 
demonstrates that the C'*-labeled soluble proteins consist mainly of labeled hemo- 
globin. 

A large-scale incubation was carried out as described in “Methods and Materials,” 
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and the soluble proteins were chromatographed. The coincidence of radioactivity 
with the hemoglobin peak (lig. 1) demonstrates that C'*-labeled hemoglobin had 
been formed. Little, if any, non-heme protein was present in the major: peak, as 
shown by the constant ratio of optical density at 415my to that at 280my through- 
out the greater portion of the 

peak. The specific activity —peeiee 
(ratio of counts to optical den- ODA 280m 
sity at 280 my) remained con- 50 - 

stant throughout the hemo- 

globin peak and was also 40: 

similar to the specific activity 
of the mixture of proteins in 
the first small peak. The re- 
covery of hemoglobin and pro- 
tein (based on the optical den- 
sities) was over 90 per cent 
of the amount put on the col- 
umn, including a small protein 
peak, which was eluted with 
higher buffer concentrations 
(not shown in Fig. 1). The 
recovery of radioactivity was 
86 per cent, e.g., 3,000 ¢.p.m. 
in the first peak, 21,500 ¢.p.m. 
in the hemoglobin peak, and 
approximately 2,000  ¢.p.m. 
with the stronger buffer elu- 
tion, out of a total of 31,000 TUBE NUMBER 

¢.p.m. originally put on the Fic. 1.—Chromatogram of soluble proteins on IRC-50. 
column. The distribution of ney een tna at 4° until tube 32, and then at 
radioactivity suggests that all 

the soluble proteins are being synthesized in the cell-free system. According to the 
results given above, hemoglobin synthesis accounts for about 82 per cent of the 











TOTAL OPTICAL DENSITY 
TOTAL COUNTS /min. 





total protein recovered from the column. 

Incorporation vf Various Amino Acids.—Further information, which indicates 
that “incorporation” in this system is synonymous with synthesis of normal cell 
proteins, is provided by the ratios of the amounts of C'*-labeled leucine, isoleucine, 
and valine incorporated. As shown in Table 2, these ratios coincide closely with 
the proportions of these amino acids in crude globin (the total soluble proteins of the 
reticulocyte). This agreement is further evidence that these proteins, of which 
hemoglobin is the largest constituent, are being synthesized. The data also permit 
a distinction to be made between the “structural” protein of the microsome and 
the protein being synthesized. Since 50 per cent of the radioactivity remained in 
the microsomes and the isoleucine and leucine content of microsomal protein are 
nearly the same,”! incorporation into microsomal protein would have changed the 
observed ratios. Therefore, it is probable that the radioactivity in the micro- 


somes largely represents hemoglobin precursors. A similar conclusion has been 
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TABLE 2 
INCORPORATION OF C!*-LABELED AMINO AcIDS COMPARED TO 
Amino Actp CoMPosITION OF RABBIT GLOBIN 
Cay Amino 
Mg Acid 
Micro- Composi- 
Reaction Mixture somes ati tiont Ratio 


Complete system,* g. pig pH 5 enzyme, leucine 748 a Be 1.00 


R 
1. 
Complete system,* g. pig pH 5 enzyme, isoleucine 90 0. 1.3 0.11 
Complete system,* g. pig pH 5 enzyme, valine 538 0. 
i 


8.1 0.77 

+ From analyses of crude rabbit globin (P, Ts’o, J. Bonner, and H. Dintzis, unpublished data). The amino 
acid composition is given as gm. per 100 gm. of protein, and the ratios are given as molar ratios for comparison with 
the radioactivity data. 

* The complete system is described in the text. The incubation time was 60 minutes and the total protein of the 
reaction mixture was washed and counted. 


reached by Dintzis et al.?? based on studies with whole reticulocytes. In general, 
this would imply that the ribonucleoprotein serves as a template for protein synthe- 
sis but not as a precursor of the proteins synthesized.** ** 


DISCUSSION AND SUMMARY 


The incorporation of C'*-labeled amino acids into protein in a system containing 
microsomal particles from rabbit reticulocytes plus soluble enzymes has been 
described. Although the study of this system is still in its early stages, the evidence 
indicates that the process under investigation is the synthesis of soluble cell protein 
which consists mainly of hemoglobin. The evidence which leads to this conclusion 
is summarized as follows. Incorporation of labeled amino acid was stimulated by 
addition of a complete mixture of amino acids of a particular composition. Soluble 
proteins containing radioactivity were formed, and radioactive hemoglobin was 
isolated. Leucine, isoleucine, and valine were incorporated in the ratios in which 
they are present in crude hemoglobin. 

At this stage of the investigation, the factors required for maximum synthesis 
appear similar to those reported for incorporation into microsomes of other animal 
tissues.? These findings strengthen the concept of Hoagland et al.* that the 
intermediate stages in protein synthesis involve amino acid activation followed by 
formation of amino acid-RNA.”. %* The results also provide evidence that the 
amino acid sequence of the final protein is determined in the microsomal particle. 
The evidence for this conclusion is that, although the pH 5 enzyme of guinea-pig 
liver forms leucine-RNA and isoleucine-RNA at similar rates," these amino acids 
are incorporated into protein in the proportions in which they exist in hemo- 
globin. 


We wish to express our appreciation to Dr. Henry Borsook, whose encourage- 
ment and numerous contributions in this field have greatly aided these studies. It 
is a pleasure to thank Dr. James Bonner and Dr. Howard Dintzis for many stimulat- 
ing discussions. 
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Heart Association. These studies were supported by grants from the National Science Founda- 
tion and the American Heart Association. 

t Supported by grant No. C-1624 of the United States Public Health Service. 
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DELAYED LIGHT EMISSION IN GREEN PLANT 
MATERIALS: TEMPERATURE-DEPENDENCE AND 
QUANTUM YIELD* 


By G. Tourn, E. Fustwori, AaNnp M. CALvIn 
RADIATION LABORATORY AND DEPARTMENT OF CHEMISTRY, UNIVERSITY OF CALIFORNIA, BERKELEY 
Communicated July 25, 1958 


Introduction.—The discovery of the delayed light emission of plant materials by 
Strehler and Arnold in 1951' has stimulated a good deal of interest in this rather 
remarkable property. The emitted light has been shown to be due to an electronic 
transition between the first excited singlet state of chlorophyll and the ground 
state.2>> At room temperature, a luminescence is observable from about 0.01 
second‘ to several minutes® after excitation. Thus the electronic transition cannot 
be rate-determining, and the process represents neither normal fluorescence nor 
normal phosphorescence. Indeed, there is some evidence*: * that the decay curve 
of the luminescence is the resultant of more than one rate-limiting process. Strehler 
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and co-workers‘: 7 have been able to demonstrate the existence of many relation- 
ships between delayed light emission and photosynthesis and thus have been led to 
interpret the luminescence phenomena as a consequence of the reversibility of some 
of the enzymatic photosynthetic reactions. However, Tollin and Calvin® have 
shown that the faster-decaying components of the delayed light are present to as 
low a temperature as — 100° C., suggesting that the early processes following light 
absorption are non-enzymatic in nature. These latter observations, in conjunction 
with several other types of experimental and theoretical information,’—" have 
suggested an interpretation of the physical processes leading to delayed light 
emission and, by analogy, to photosynthesis, in terms of semiconductor theory. '*~'* 

The earlier investigations in this laboratory*: * have been limited to the study of 
the light emitted approximately 0.1 second after excitation by a flash discharge. 
The recent reports of luminescences at still shorter times after excitation’: '* have 
prompted the construction of a device capable of continuously observing the light 
emission of a sample of plant material from 0.0015 second to about 30 seconds after 
the onset of flash excitation. The present work describes a series of experiments 
carried out with this apparatus. 

Materials and Methods.—The chloroplast material was prepared as outlined 
previously.'° Chlorella and Scenedesmus were grown in continuous culture in our 
laboratory, and samples were prepared for the luminescence measurements by 
centrifugation of a suspension of the algae to obtain a relatively thick paste. In 
general, measurements were begun within 10 minutes of harvesting. 

A block diagram of the apparatus used in the experiments is shown in Figure 1. 
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Fic. 1.—Block diagram of luminescence apparatus 


Conceptually, it is quite similar to the apparatus described previously,® with the 
exception that the mechanical shuttering system is replaced by an electronic device. 
This latter involves a “gating” of the photomultiplier (Dumont K-1292) during 
the exciting light flash through the application of a voltage pulse to the first two 
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dynodes and the shield, which results in a reversal of their polarity with respect to 
the photocathode. This serves to prevent most of the photoelectrons liberated at 
the cathode from being multiplied in the tube. The duration of this gating pulse 
is continuously variable from a few microseconds to about 5 milliseconds and thus 
may be matched to the duration of the flash. The gate is also used to start the 
sweep of a Tetronix 514-D cathode-ray oscilloscope. A delay of about 500 micro- 
seconds is introduced between the beginning of the gating process and the ‘“‘trigger- 
ing’’ of the flash, to allow the gate to become fully operative before the light com- 
mences. Thus this arrangement permits the onset of the observation of the lumines- 
cence to begin in a time limited only by the duration of the flash excitation. The 
flash tube used in the experiments is the General Electric FT-230, which has the 
advantage of combining a relatively short duration (about 1.5 milliseconds under 
the conditions of luminescence measurement) and a small source size (spherical 
with a diameter of about 4 mm.) with a reasonably high light intensity in a suitable 
wave-length range. The flash tube is operated at 2,000 volts with a 32-microfarad 
load capacitor. The triggering system is standard. All electrical leads were 
kept as short as possible, to achieve optimum pulse-transmission characteristics. 

In summary, then, the sequence of events in a measurement is as follows: A 
push button activates the photomultiplier gate and simultaneously triggers the 
oscilloscope sweep. Five hundred microseconds later, the flash is fired, and 1.5 
milliseconds after this occurs the gate turns off and the photomultiplier is then 
ready to observe light from the sample. 

The exciting light is focused onto the sample through a filter system consisting of 
a Corning No. 5113, a Corning No. 4303, and a Corning special infrared filter. 
This combination passes a band of light of wave lengths between 3700 to 4700 A 
having a maximum at about 4150 A. A Corning No. 2030 and another Corning 
special infrared filter is placed between the sample and the photomultiplier. This 
latter filter system allows only those wave lengths between 6500 and about 9500 A 
to reach the photomultiplier. Such an arrangement of filters minimizes the light 
from the flash discharge which is incident upon the photomultiplier during excita- 
tion, although it by no means completely eliminates the scattering problem. How- 
ever, no transient phenomena or saturation effects in the photomultiplier response 
are observed. The geometrical arrangement of exciting source, sample, and photo- 
multiplier is essentially the same as that reported previously.® 

The photomultiplier anode is supplied with a 2-megohm load resistor, and the 
voltage developed across this resistance is fed directly into a Sanborn stabilized d.c. 
preamplifier (gain = 1,000). The preamplifier, in turn, feeds the oscilloscope, a 
Sanborn Model 151 recorder, and a Leeds and Northrup “Speedomax”’ recorder. 
The photomultiplier is normally operated at 1,300 volts. 

For the measurement of the quantum yield of the luminescence, the photo- 
multiplier was calibrated using a National Bureau of Standards lamp and a bolom- 
eter. The photomultiplier was then used to measure both the light incident on 
the sample from the flash and the light emitted from the sample. It was assumed 
that all the light reaching the sample was absorbed. Such an assumption is 
probably quite satisfactory, inasmuch as the samples used were almost black in 
appearance. Appropriate corrections were applied for the filters, for the geometry 
of the system, and for self-absorption in the sample. The values obtained for the 
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quantum yield of the light emitted between 0.0015 and 30 seconds after excitation 
are probably accurate only to within a factor of 2 or 3. Furthermore, the yield is 
too low in terms of total light emitted, inasmuch as we are unable to detect emis- 
sions of duration longer than 30 seconds or shorter than 0.0015 second. It is 
unlikely, however, that inclusion of this energy would raise the quantum yield 
value by more than an order of magnitude, since extremely sensitive quantum 
counting devices are needed to observe the longer-term emissions’ and the present 
results indicate a steadily decreasing quantum yield as one goes to shorter times 
after excitation (see below). 

Results.—Some typical decay-curve data obtained from Chlorella at 21° C. are 
shown in Figure 2. All the results presented in this section have been obtained from 

data of this type by an 
evaluation of the lumines- 
cence intensity at various 
; times after excitation. It 
34 is apparent that the signal- 
Aan , ARR ett anctincne cd to-noise ratio is generally 
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The results of the quan- 
tum yield measurements for 
whole spinach chloroplasts, 
Scenedesmus, and Chlorella 
are shown in Table l. The 
total light emission from 

different samples of the 
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Figure 2. Tracings of decay-curve data obtained from sumably due to differences 
Chlorella at 21° C. The three longer-term curves were in th " icliewinal ws f 
obtained with a single flash excitation. The fastest in the physiological state o 
curve (0.0015—0.009 second) was obtained independently. the material. However, 
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than a factor of 2. Strehler and Arnold! have reported a figure of 10~* for the 
ratio of the quanta emitted by Chlorella suspensions near the beginning of the ob- 
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TABLE 1 


ABSOLUTE QUANTUM YIELDS OF LUMINESCENCE OF VARIOUS 
GREEN PLANT MATERIALS 
dentinaiptieens =e Co a 
: (Quanta Emitted/ 
Material Quanta Absorbed) 


Spinach chloroplasts 
Scenedesmus 
Chlorella 


served decay curve to the quanta absorbed. The quantum yields reported in the 
present work are consistent with this number. 

A comparison of the room-temperature emissions of spinach chloroplasts, Scene- 
desmus, and Chlorella is given in Table 2. The choice of time ranges is somewhat 
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TABLE 2 
Room-TEMPERATURE LUMINESCENCE OF VARIOUS GREEN PLANT MATERIALS 


INTEGRATED Licut INTENSITIES IN VARIOUS TIME RANGES 
Arter Excitation Has Ceasep (NORMALIZED TO 0.001 Tora. INTEGRATED 
0.01-Sec. RANGE or Spinach CHLOROPLASTS) Ligut INTENSITY 
0.001-0.01 0.01-0.1 0.1-1.0 1.0-10.0 \ NORMALIZED TO 
MATERIAL Sec. Sec. Sec. Sec. Spinach CHLOROPLASTS) 


Spinach chloroplasts 1.0 1.5 2.6 4.1 1.0 


Chlorella 3.2 6.2 24.1 53.5 9.4 
Scenedesmus 2.0 4.1 17.3 36.0 6.4 


TABLE 3 
TEMPERATURE-DEPENDENCE OF SPINACH CHLOROPLAST LUMINESCENCE 
Integrated Light 
Intensities Per Cent Total Integrated 
Time after (Normalized of Total Light Intensity 
Excitation Has to 0.001-—0.01 Integrated (Normalized to 
Ceased (Sec.) Range 21° C.) Intensity 21° C. 
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arbitrary. It is seen that the algae give a much higher absolute yield of luminescence 
than do the chloroplasts (see also Table 1) and that this higher yield is mainly due 
to a disproportionately greater quantity of slowly decaying light obtained from 
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Fic. 3.—Temperature-dependence of spinach chloroplast 
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the former as compared 
with the latter. The decay 
curves for Chlorella and for 
Scenedesmus are, in fact, 
quite similar, differing es- 
sentially only by a scale 
factor. 

In Figures 3, 4, and 5 and 
Tables 3 and 4 are given the 
results of experiments in 
which the luminescence of 
spinach chloroplasts and of 
Chlorella is studied as a func- 
tion of the temperature. It 
is apparent that the tem- 
perature-dependence of the 
light emission in both types 
of material is quite complex. 
Furthermore, at no tem- 
perature can the decay 
curve be represented by a 
simple kinetic expression 
(either unimolecular or bi- 
molecular). The most 
striking change upon cool- 
ing in both materials is the 
fairly rapid changeover 
from a decay curve in which 
most of the light is emitted 
in the longer times (greater 
than 0.1 second) to a decay 
curve in which essentially 
all the emission decays 
rapidly (see Tables 3 and 4, 
fourthcol.). Another 
change of interest is the 
general (although not quite 
monotonic) increase in the 
absolute intensity present 
in the faster components as 
one cools to intermediate 
temperatures, followed by a 
decrease in this intensity as 
one cools still further (see 
Fig. 5). This effect is par- 
ticularly large in spinach 
chloroplasts and results in 
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an almost threefold increase in the total integrated intensity obtained at —36° 
C. as compared with that obtained at 21° C. (see Table 3, fifth col.). In 
Chlorella, it appears that what would otherwise be a peak in total integrated 
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intensity at intermediate temperatures is masked by the rapid decrease in the 
intensity of the slowly decaying light (which represents a much larger percentage of 
the total intensity in Chlorella than it does in chloroplasts). This results in a 
monotonic decrease in the total integrated intensity, with the suggestion of a 
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possible maximum appearing as a leveling-off at intermediate temperatures (see 
Table 4, fifth col.). It is of interest that the maximum of the fastest component 
comes at a higher temperature in Chlorella than it does in chloroplasts. 
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Fic. 5.—Temperature-dependence of the integrated light in- 
tensities of Chlorella and spinach chloroplasts in various time 
ranges. The integrated intensity values have been normalized 
for each organism to the 0.001—0.01-second range at 21° C. 


Experiments involving the use of various filters between the sample and the 
photomultiplier demonstrate that the emission in the first few milliseconds after 
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excitation has the same wave-length distribution as do the slower components® 
(i.e., emission is occurring from the first excited singlet state of chlorophyll) at 
both 21° and —170° C. This is a further indication of the failure of the triplet 
state of chlorophyll to emit,’ although it may be involved in the sequence of events 
leading to luminescence. '§ 


TABLE 4 
TEMPERATURE-DEPENDENCE OF Chlorella LUMINESCENCE 
Integrated Light 
Intensities Per Cent Total Integrated 
Time after (Normalized of Total Light Intensity 
Excitation Has to 0.001-0.01 Integrated (Normalized to 
Ceased (Sec.) > Range 21° C.) Intensity 21° C.) 
0.001—0.01 1.0 aud 
) 0.01-0.1 1.9 7 
0.1-1.0 1.8 27 
— 1.0-10.0 16.6 61. 
0.001-0.01 Ol 4.6 
) 0.01-0.1 4 r.3 
0.1-1.0 5.0 
— 1.0-10.0 3 
0.001-0.01 
0.01-0.1 
0.1-1.0 
| 1.0-10.0 
‘0.001-0.01 
} 0.01-0.1 
0.1-1.0 
. 1.0-10.0 
0.001-0.01 
) 0.01-0.1 
0.1-1.0 
1.0-10.0 
0.001-0.01 
) 0.01-0.1 
0.1-1.0 
1.0—-10.0 
0.001-0.01 
) 0.01-0.1 
0.1-1.0 0 
1.0-10.0 0 
0.001-0.01 23 65 
) 0.01-0.1 34 
0.1-1.0 0 
. 1.0-10.0 0 
0.001-0.01 59 
0.01-0.1 40 
0.1-1.0 0 
1.0-10.0 0 
0.001-0_.01 55 
) 0.01-0.1 y 44.6 020 
0.1-1.0 0 
1.0-10.0 0 


é 


In Figure 6 the decay curves for spinach chloroplasts and for Chlorella at 21° and 
at —165° C. are plotted as log intensity versus time. The low-temperature curves 
for both materials are quite similar in shape. It is possible to interpret these 
curves as being the resultant of two unimolecular luminescent processes having 
half-lives of about 1-2 milliseconds and about 30 milliseconds, respectively. The 
validity of such an interpretation is, of course, open to some question. However, 
it is of interest that, as one approaches these low temperatures, the changes in the 
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luminescence for a given temperature increment become progressively smaller, and, 
in fact, the decay curve for spinach chloroplasts does not undergo any measurable 
changes between — 128 and —168° C. This would suggest a corresponding simpli- 
fication in mechanism. 

Some interesting effects are obtained if one allows the samples to age on the 
sample holder in the dark at room temperature. A typical result is shown in 
Table 5. A marked decrease in the total integrated light intensity is observed 
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Fic. 6.—Luminescence decay curves of Chlorella and spinach 
chloroplasts at two temperatures. 
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after 20 hours of aging, with the slower components having decreased to a much 
greater extent than the faster ones. The material is quite dry and hard at this 
time. If one rewets the sample with a drop of water, one can achieve some re- 
activation. However, the percentage of the original intensity present after wetting 
is much greater for the faster components than for the slower ones. Even after 
as much as 10 days of aging, the fast decays are still present, and some reactivation 
of the slow decays is possible. 

Discussion.—It is highly unlikely that a temperature-dependerce as complex as 
that observed in the present experiments for delayed light emission can ke a reflec- 
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tion of an underlying mechanistic simplicity. Indeed, the general features of the 
changes in the luminescence decay curves upon cooling may be readily accounted 
for qualitatively by postulating a series of either parallel or sequential rate-limiting 
processes as constituting the basic kinetic pattern of the luminescence phenomenon. 
Such a complicated sequence of events leading to an electronically excited chloro- 
phyll molecule is consistent with what is known about the photosynthetic pathway 
and about metabolic processes in general. 

In terms of the above picture, one can explain the increase in the intensity of the 
faster light emissions at intermediate temperatures as being due either to the 
undetected presence of still faster decay processes of high yield whose rates are 
decreased upon cooling or to a “‘freezing-out”’ of the slower mechanisms, with a 
corresponding increase in the amount of energy being emitted in the faster processes. 
It is not possible to say which of these points of view is applicable to the present 
situation. The rationale for the subsequent decrease in intensity upon further 
cooling is obvious. 

The most significant result of the present study is the observation of a substantial 
luminescence decay at temperatures as low as —170° C. This strongly suggests 
that the basic mechanisms of the early processes following light absorption do not 


TABLE 5 
Errect oF AGING AND REWETTING ON RoOM-TEMPERATURE Scenedesmus LUMINESCENCE 
INTEGRATED LiGut INTENSITIES IN VARIOUS TIME 
RANGES ArPTER Excitation Has CEASED (NORMALIZED Tora INTEGRATED 
ro 0.001—0.01-Sec. Rance or Fresu Mareriac) Lieut INTENSITY 
0.001-0.01 0.01-0.1 0.1-1.0 1.0-10.0 (NORMALIZED TO 
Sec Sec Sec Sec FRresH MATERIAL) 


Fresh 1.0 2.05 8.7 18.0 1.0 
Aged 20 hours 0.20 0.23 0.12 0.03 
Rewet after aging 0.63 0.95 333 2.25 0.21 
Per cent of original intensity 

recovered 63 46 26 12 21 


involve the migration of atomic nuclei and thus are purely physical. This is, of 
course, quite consistent with the general features of the semiconductor mechanism 
proposed earlier.'*-'* According to this hypothesis, the pathway of the light quan- 
tum may be depicted in terms of the following scheme (for simplicity, the triplet state 
of chlorophyll has not been included in the sequence): 


Chlorophyll* (first excited youmeiee Charge carriers 
singlet state: exciton) its (electron and hole) 
t Recombination | 
Acceptor traps 
| enzymatic 


Radicals 


| | | enzymatic 


—hv 


| 
| 


Chlorophyll (ground state) Stable chemicals 
(non-radicals) 


If one granted the validity of separating the — 170° C. decay into two components, 
one could identify the faster of these decays with charge-carrier lifetime and the 
slower decay with the emptying of a shallow trapping level. Both these processes 
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should be relatively temperature-independent over the range studied. It is 
striking that the time constant of the slow decay (~0.03 second) is of the same 
order of magnitude as those observed for (a) the minimum dark time for photo- 
synthesis of Chlorella in flashing light by Emerson and Arnold;” (b) the correspond- 
ing dark time for the Hill reaction in Chlorella by Clendenning and Ehrmantraut;*! 
(c) the decay time in Chlorella for absorption spectra changes at 5150 A by Witt;?? 
and (d) the minimum dark time for oxygen production of the Hill reaction in 
Scenedesmus in the presence of thioctic acid by Bradley and Calvin.” Such a 
correlation would argue that the rate-limiting step in these processes is physical 
rather than enzymatic. 

The fact that algae yield a much greater light intensity in the slow decays than 
do chloroplasts is probably a consequence of the partial removal of enzymes and 
smaller molecules in the preparation procedure. This suggests chemical trans- 
formations as the rate-limiting steps of the slower components. An explanation in 
these terms would also be consistent with the large temperature coefficient of these 
components as observed in the cooling experiments (Tables 3 and 4), with the 
aging experiments (Table 5), and with the results of Strehler and co-workers.*: 7 

The extremely low quantum yields observed in the present experiments are in 
accordance with the interpretation of delayed light emission as an indication of the 
reversibility of at least part of the photosynthetic pathway. These low values are 
probably a reflection of the high efficiency with which the absorbed quanta pass 
over into the chemical processes involved in photosynthesis. It is interesting to note 
that the much higher quantum yield of fluorescence’ (~10~?) suggests a consider- 
ably lower order of efficiency of quantum conversion for the earliest physical stages. 

Summary.—A device has been constructed which is capable of recording the 
decay curve of green-plant luminescence from 0.0015 second to approximately 30 
seconds after excitation by a flash discharge. Absolute quantum yield measure- 
ments of the emitted light give values of the order of 10~* for Chlorella and Scene- 
desmus and 10~7 for spinach chloroplasts. Such low yields are in accord with the 
interpretation of delayed light emission as a reversal of photosynthesis. The 
luminescence has been found to exhibit an extremely complex temperature-de- 
pendence, which is suggestive of a multiprocess mechanism. A substantial lumi- 
nescence decay is measurable at temperatures as low as —170°C. Thisisinterpreted 
as demonstrating that the early processes following light absorption are physical 
rather than enzymatic. Evidence is presented to support the contention that the 
later stages of emission are of an enzymatic nature. At all the temperatures 
investigated, the luminescence originates in the first excited singlet state of chloro- 
phyll. 
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THE BIOSYNTHESIS OF ISOLEUCINE AND VALINE IN 
NEUROSPORA CRASSA* 


> + t , % ‘ 
By R. P. Wacner,’ A. N. RADHAKRISHNAN,’ AND E. E. SNELL 
DEPARTMENT OF BIOCHEMISTRY, UNIVERSITY OF CALIFORNIA, BERKELEY, CALIFORNIA 


Communicated August 25, 1958 


INTRODUCTION 


The possible role of a-aceto-8-hydroxy-butyric acid (AHB) as a precursor of 
isoleucine in Escherichia coli was pointed out by Umbarger.' The related com- 
pound, a-acetolactic acid (AL) has been shown to be a precursor of valine in E£. 
coli? and in Saccharomyces cerevisiae.’ In addition, a mutant of Neurospora that 
requires both isoleucine and valine for growth is known to accumulate both AHB 
and AL in the medium.‘ 

This communication describes briefly experiments with cell-free extracts of 
Neurospora, which show that AHB and AL are converted to isoleucine and valine 
via the previously’ postulated intermediates, a,8-dihydroxy-8-methylvaleric acid 
(DHI) and a,6-dihydroxyisovaleric acid (DHV), respectively. Evidence is also 
given that this conversion from the 6-keto acids, AHB and AL, to the dihydroxy 
acids is a two-step process, probably involving the intermediate formation of a- 
keto-8-hydroxy acids, as indicated in Figure 1, 
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MATERIALS 


Three strains of NV. crassa were used. Strain 16117 requires isoleucine and valine 
for growth and accumulates the dihydroxy acids, DHI and DHV, in its growth 
medium.® Strain 304 also requires isoleucine and valine for growth but is blocked 
at a different step in metabolism than 16117, since it accumulates AHB and AL 
rather than the dihydroxy acids.*- Emerson 5256 is the wild-type standard strain 
which grows on an unsupplemented minimal medium. The minimal medium 
described by Vogel,’ supplemented for the mutant strains with isoleucine and 
valine, was used to grow all cultures. 

pL-a-Acetolactic acid and pL-a-aceto-a-hydroxybutyric acid were synthesized 
by the method described by Krampitz.* In the synthesis of AHB, ethyl! iodide 
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Fic. 1.—Proposed sequential steps in the formation of valine and isoleucine from a-acetolactate 
and a-aceto-a-hydroxybutyrate in Neurospora. The entire sequence of reactions is carried out by 
cell-free extracts of the wild type; strains 304 and 16117 appear to be blocked at the indicated 
steps. 


was used in place of methyl iodide employed in the synthesis of AL. The keto- 
hydroxy acids, a-keto-8-hydroxy-8-methylvaleric acid (HKI) and a-keto-8- 
hydroxyisovaleric acid (HKV), were synthesized by the method of Sprimson and 
Chargaff® from the respective a-keto acids prepared according to Meister."°. HKV 
and HKI prepared as above contained small amounts of a-hydroxy-isobutyric 
acid and a-hydroxy-a-methyl butyric acid, respectively. The HKI obtained 
was optically inactive, although the keto acid used as a starting material was 
optically active. 

Glucose-6-phosphate (G-6-P) and triphosphopyridinenucleotide (TPN) were 
obtained from Nutritional Biochemicals Corporation. Reduced TPN (TPNH) 
and diphosphopyridinenucleotide (DPN) were obtained from Sigma Chemical Co. 
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RESULTS 

Enzymatic Conversion of AHB to DHI.—Neurospora crassa 16117 was cultured 
for 48 hours at 37° with constant shaking in minimal medium supplemented with 
4 umoles of pi-valine and 1.5 umoles of pt-isoleucine per liter. The mycelium was 
filtered, washed with distilled water, and then ground to a fine powder under liquid 
nitrogen in a mortar. The powder was then homogenized with two to three times 
its weight of distilled water in a Ten Broeck apparatus. The resulting slurry was 
centrifuged in the cold (0-4°) at 18,000 X g. 

The cell-free supernatant fluid thus obtained was tested for its activity in con- 
verting AHB to DHI as follows: Each assay tube contained AHB (200 u™), 
TPN (1 uM), G-6-P (400 ui), enzyme extract (1.0 ml.; protein, 20 mg/ml), and 
sufficient 0.1 M Tris buffer at pH 8.0 to bring the total volume to 4.9 ml. Suitable 
controls were always included. The reaction mixtures were incubated for 7 hours 
at 30°. The mixtures were then acidified with hydrochloric acid to a pH of 1.5 
to 2.0 and heated at 100° for 5 minutes (or left at room temperature overnight) 
to decarboxylate unreacted AHB. The mixtures were extracted several times 
with ethyl ether, and the combined ether extracts were dried with anhydrous 
Na,SO, and the ether evaporated in vacuo. The residue was dissolved in a small 


TABLE 1 
CHROMATOGRAPHIC PROPERTIES OF COMPOUNDS OF INTEREST IN BIOSYNTHESIS OF ISOLEUCINE 
AND VALINE 
Ry tw SOLVENT 
(1) Butanol, (2) Benzene, 


Acetic Acid, _ Ether, PERIODATE 
ComPounD Water Formic Acid REACTION OF Spor 


a,8-Dihydroxy-8-methylvaleric acid (DHI) 0.80 53 Yellow 
a,8-Dihydroxyisovaleric acid (DHV) 0.61 33 Yellow 
a-Hydroxybutyrie acid 0.82 70 No reaction 
Lactic acid 0.66 52 No reaétion 
a-Keto-8-hydroxy-8-methylvaleric acid (HKI) 0.54 81 White 
a-Keto-8-hydroxy-isovaleric acid (HKV ) 0.25 0.32 White 
quantity of ether and spotted on Whatman No. | paper, along with reference 
standards of DHI, DHV, a-hydroxybutyric acid, and lactic acid. Ascending 
chromatography was carried out, using two different solvent systems: (1) n- 
butanol-acetic acid—water (4:1:1 v/v) and (2) ether-benzene-formic acid—water® 
(70:30:12:10 v/v; upper phase). After air-drying at room temperature, acidic 
compounds were detected by spraying with a 0.04 per cent alcoholic solution of 
bromcresol green (pH 7.0). The yellow acid spots were located and the papers 
sprayed on the reverse side with a 0.5 per cent solution of sodium metaperiodate. 
After a 5-minute interval they were sprayed with a benzidine reagent.'' Glycols 
and other compounds cleaved by periodate give white or lightly colored spots on a 
blue to purple background after this treatment. Table 1 gives the R; values and 
the periodate reactions for the compounds of interest in this study in the two solvent 
systems. 

The reaction mixtures which initially contained AHB, crude enzyme extract, 
TPN, and G-6-P gave significant quantities of a compound whose R; and periodate 
reaction were identical with those of authentic DHI. Traces of DHI were noted 
when TPN, but not G-6-P, was present. No significant amounts of DHI were 
formed with TPN, G-6-P, and enzyme, enzyme alone, or with substrate or enzyme 
omitted. !” 
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Confirmation of the identity of the substance as DHI was obtained after an 
adequate sample was synthesized by incubating 1.5 m moles of AHB with appro- 
priate amounts of TPN, G-6-P, and enzyme at pH 8.5 for 6.5 hours at 30°. 
The ether-soluble acids were separated by chromatography on several sheets of 
Whatman No. 3 MM paper, and the|DHI zone, located by spraying guide strips 
with bromocresol green and periodate, was eluted with water. The eluate of DHI 
was neutralized with dilute NaOH and lyophilized. The dry residue (37 mg.) 
corresponded to 218 » moles of the sodium salt of DHI. If only one isomer of 
DL-a-aceto-a-hydroxybutyrate is active in this system, then approximately 29 
per cent of the available initial substrate was converted to DHI. The infrared 
spectrum of the isolated sodium salt (1 per cent in KBr) was identical with that 
of an authentic sample of DHI over the range 2-16 uz. 

Conversion of DHI to Isoleucine.—Further proof of the identity of the enzymatic- 
ally synthesized compound was obtained by converting the purified salt described 
above to isoleucine by enzyme extracts of wild-type Neurospora, Em 5256. The 
reaction mixtures contained the following: 1.0 ml. of the freshly prepared cell-free 
extract (ca. 5 mg. proteins per ml.), 10 ug. pyridoxal phosphate, 1 umole of FeSO,, 
50 wmoles of t-valine or L-phenylalanine, 2.4 mg. of the isolated DHI (or 2.4 mg. 
of the standard DHI), and 1.0 ml. of 0.1 M Tris buffer, at pH 8.0. The enzyme 
extract contained L-cysteine (3.3 X 10~* M) added during preparation.'® The 
mixtures were incubated for 5 hours at 37°, and the protein precipitated by heating 
after the addition of 1.0 ml. of 3 M sodium acetate buffer, pH 4.5. Chromato- 
graphic analysis of the protein-free mixtures showed the presence of isoleucine; 
the control mixtures showed no detectable amounts of isoleucine. The amount 
of isoleucine synthesized was determined by bioassay with Leuconostoc mesente- 
roides P-60.'* The results are presented in Table 2. 


TABLE 2* 
CoMPARATIVE CONVERSIONS OF SYNTHETIC AND ENZYMATICALLY SYNTHESIZED DHI 10 IsoLEUCINE 
By CeLi-FREE Extract or WiLp-Type Neurospora 


Isoleucine 
ormed 
Substrates (umoles) 


Isolated DHI + 1-valine 8.4 
Isolated DHI + t-phenylalanine 2.5 
Standard DHI + 1-valine 9.1 
Standard DHI + 1-phenylalanine 3.3 


* See text for conditions. 14.1 wmoles of DHI were present initially in 
all cases. 


Conversion of AL to Valine via DHV.—By procedures altogether similar to those 
described above, it has been possible to demonstrate the conversion of AL to 
DHV by cell-free extracts of strain 16117. DHV was isolated in a yield of 7.4 
per cent of the original AL by incubating the following mixture for 6 hours: 20.0 
ml. of enzyme extract (25 mg. protein per ml.) 1 m mole of AL, 10 mg. TPN, and 
1.8m moles of G-6-P, and 20 ml. of 0.1 M Tris buffer at pH 8.5. The isolated DHV 
was identical with the standard sample in its chromatographic behavior and infra- 
red spectrum. Its identity was further confirmed by converting it enzymatically 
to valine, as described in the case of DHI, with a cell-free extract of wild-type 
Neurospora. 
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Enzymatic Synthesis of DHT and DHV from HKI and HK V.—The transformation 
of the 8-keto-a-hydroxy acids, AHB and AL, to the dihydroxy acids, DHI and 
DHV, requires a rearrangement and a reduction. If rearrangement occurs first, 
as shown in Figure 1, Step /, then a-keto-8-hydroxy-8-methylvaleric acid (HKI) 
and a-keto-6-hydroxy-isovaleric acid (HKV) would be intermediates in the forma- 
tion of DHI and DHV, respectively. If this were true, HKI and HKV should 
be reduced by the enzyme extract and TPNH to yield DHI and DHYV, respectively. 

Cell-free extracts of the three strains of Neurospora were prepared as previously 
described. The enzyme activity was measured by foliowing the change in optical 
density at 340 my of a reaction mixture consisting of dialysed enzyme extract, 
TPNH (0.1 umole), HKI or HKV (10-20 wmoles), and 0.1 M Tris buffer (pH 7.5) 
in a total volume of 1.0 ml. By definition, a unit of ketohydroxy acid reductase 
activity was contained in that amount of extract which would cause a change in 
O.D. of 0.1 in 5 minutes, under the conditions employed. Table 3 gives the 
enzyme activities of crude and purified extract of the three strains. 

Proof for the conversion of the a-keto 6-hydroxy acids to the dihydroxy acids 
was obtained by actual isolation of the latter as follows: 800 umoles of HKI and 
400 umoles of HKV were separately incubated for 5.5 hours at 37° with i m mole 
of G-6-P, 5 umoles of TPN, 15 mg. of crude lyophilized extract of 16117, and 
sufficient 0.1 M Tris buffer at pH 7.5 to bring the total volume to 15 ml. The 
DHI and DHV formed in the reaction were isolated by chromatography on thick 
paper, and the sodium salts prepared. 166 wmoles of DHI (41 per cent conversion 
on the assumption that only one isomer is involved) and 154 wmoles of DHV 
(39 per cent conversion) were isolated. The compounds were identical in chroma- 


tographic properties and infrared spectrum with standard DHI and DHV. They 
were also converted to isoleucine and valine, respectively, by extract of wild-type 
Neurospora. 

Specificity and Stability of the a-Keto-8-Hydroxy Acid Reductase——The enzyme 
that catalyzes the reduction of the a-keto-6-hydroxy acids is present in all three 
strains of Neurospora. It has been purified ten to fifteen fold by fractional pre- 
cipitation with AIC]; and (NH4).SO, (Table 3). The purified enzyme preparations 


TABLE 3* 
CoMPARATIVE ACTIVITIES OF CRUDE AND PARTIALLY PURIFIED KETOHYDROXYACID REDUCTASE 
Towarp Two SuBSTRATES 
anne — ——_SuBsTRaATE——— 
ee - . 
ENZYME FROM Crude 
N. crassa, STRAIN Extract Purified Extract Purified 


Em 5256 2 16 2.3 20 
16117 3 38 4.8 50 
304 I 32 2.0 36 
* Figures represent specific activities (units of activity per mg. of protein) of the crude versus 
the partially purified enzyme. See text for conditions. 
showed no G-6-P dehydrogenase activity in the presence of TPN-and showed no 
appreciable oxidation of TPNH. Pyruvie, a-keto-8-methylvaleric, and a-keto- 
isovaleric acids were not reduced in the presence of TPNH. The enzyme is specific 
for TPNH, DPNH being entirely inactive in the reaction with the ketohydroxy 
acids. 
Apparent dissociatio: constants for HKI and HKV were determined in the 
presence of excess TPNH and the partially purified enzyme preparation from 
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16117. The K,, for HKI was approximately 3.8 X 10-4 mole per liter. The 
correspording value for HKV was 1.6 X 107%. 

Crude or purified preparations of the enzyme are not inactivated by dialysis or 
by lyophilization. Such dried preparations have not lost activity upon storage for 
periods up to 3 months at —20° C. 

DISCUSSION 

The results presented above clearly demonstrate that AHB and AL can be con- 
verted to isoleucine and valine, respectively, by crude, cell-free extracts of N. 
crassa. The conversion involves the intermediate formation of DHI and DHV 
previously postulated to be intermediates in the synthesis of these amino acids.® 
The biosynthesis of DHI and DHV from AHB and AL requires a rearrangement of 
the 8-keto-a-hydroxy acids, as suggested by Adelberg® and Strassman ef al." 
The subsequent postulate” that y-hydroxy-8,y-dimethyl-a-ketoglutaric acid and 
y-hydroxy-y-methyl-a-ketoglutaric acid (HMKG) rather than AHB and AL, 
might be intermediates in formation of isoleucine and valine is not tenable in view 
of the results obtained herein." 

The possibility that an a-keto-8-hydroxy acid might serve as an intermediate 
prior to the reduction step was pointed out, without experimental support, by 
Meister.'* The demonstration herein of an enzyme in Neurospora that specifically 
reduces a-keto-8-hydroxy acids to the dihydroxy acids in the presence of TPNH 
provides experimental support for this suggestion and indicates that rearrangement 
of the carbon chain precedes reduction, although the converse possibility is not 
conclusively eliminated by the data. 

We have been unable to detect any accumulation of HKI and HKV in the con- 
version of AHB and AL to DHI and DHV, even when the supply of TPNH is 
eliminated. However, we have noticed in the medium of 16117, which is known to 
be blocked in the conversion of DHI and DHV to the corresponding a-keto acids, a 
compound whose chromatographic properties are similar to HKI. Isolation of this 
compound in sufficient quantity is necessary for further characterization. The 
existence of these intermediates is also indicated by an increase in the rate of 
TPNH oxidation after AHB or AL is pre-incubated with crude extracts, over and 
above the rate of reduction of AHB or AL alone. The purified enzyme preparation 
from 16117 also catalyzed formation of DHI and DHV from AHB and AL, respec- 
tively, provided that it was supplemented with boiled crude extract. This is in 
contrast to the corresponding enzyme preparation from strain 304, which contains 
an active a-keto-8-hydroxy acid reductase, but failed to convert AHB and AL to 
the dihydroxy acids. Since strain 304 is known to accumulate AHB and AL in its 
growth medium, it is perhaps blocked at the isomerization step. This would 
mean that step / and step // (Fig. 1) are carried out by two different enzymes, and 
work is in progress on further resolution of the enzymes involved. It is considered 
likely that the a-keto-6-hydroxy acids are not normally released into the environ- 
ment and may remain enzyme-bound. 


SUMMARY 


These experiments have shown that a-aceto-a-hydroxy butyric acid and a- 
acetolactic acid are converted to a,8-dihydroxy-6-methylvaleric acid and a,8- 
dihydroxyisovalerie acid by cell-free extracts of N. crassa, strain 16117. The 
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latter compounds, previously postulated to be intermediates in the biosynthesis 
of isoleucine and valine, are converted to these amino acids by cell-free extracts of 
N. crassa, wild type. An enzyme that actively converts a-keto-8-hydroxy-8- 
methyl valeric acid and a-keto-8-hydroxyisovaleric acid to the corresponding 
dihydroxy compounds is present in these extracts. This enzyme specifically 
requires reduced triphosphopyridine nucleotide and is without activity on closely 
related substrates such as a-ketoisovaleric acid. All the available evidence 
indicates that these a-keto-8-hydroxy acids are intermediates in the conversion of 
6-keto-a-hydroxyacids to the dihydroxy acid precursors of isoleucine and valine. 


* These studies were aided by grants from the University of Texas Research Institute to R. 
P. Wagner and from the United States Public Health Service, N.I.H., to R. P. Wagner (C-2269) 
and to E. E. Snell (A-1448). 

t John Simon Guggenheim Fellow, 1957-58. Present address, Department of Zodlogy, Uni- 
versity of Texas, Austin, Texas. 
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THE PRESENCE OF A, ERYTHROCYTES IN A, BLOOD 
By K. C. Arwoop* 
BIOLOGY DIVISION, OAK RIDGE NATIONAL LABORATORY, t OAK RIDGE, TENNESSEE 
Communicated by Alexander Hollaender, August 29, 1958 


Small proportions of O or B erythrocytes have been found in the blood of normal 
A or AB individuals, respectively, by means of the isotope dilution method! and 
direct isolation.2, * This form of blood group admixture—automosaicism—is 
distinguishable from true chimerism in that the absence of one agglutinogen is 
independent of unrelated agglutinogens, whereas in the chimera it is accompanied 
by unrelated differences signifying the foreign origin of a portion of the hemato- 
poietic tissue. The origin of automosaicism is unsolved; it may represent merely a 
non-uniform development of the cell phenotype, or it may reflect an underlying 
genetic heterogeneity of the erythropoietic system. Somatic segregation, suggested 
by Goudie* as a basis for such heterogeneity, would lead to homozygosis for the 
opposing alleles. The exceptional non-A cells in AB individuals would therefore be 
phenotypically B, and those in heterozygous A individuals would be phenotypically 
QO. It is of interest in this connection to learn that A; and A,B individuals possess 
exceptional cells having the phenotype of subgroup A: or A,B. 

Suitable reagents for recognition of the subgroup in isotope dilution experiments 
are provided by the seed extracts of Dolichos biflorus,‘ specific for Ai, and Phaseolus 
limensis, which agglutinates both A, and A» cells.6 The method, described in de- 

tail elsewhere,' requires a series of ag- 

105 glutinations in which the first batch of 

; cells added to the reaction mixture is 
labeled with Cr*! and all the succeeding 

additions are unlabeled. At each stage 

the cells are agglutinated in a pan, trans- 

ferred to a separatory funnel for a brief 

settling time, and then the main agglu- 

eaeaeniie tinated mass is withdrawn, leaving a 
\ supernatant that contains free cells and 
\ uaiieiciinckh small clumps. The supernatant is 
ae sampled for determination of Cr! activity 

\ A and returned to a pan for the next stage, 
\ mat which begins with the addition of further 
ae a cells and agglutinin. The labeled agglu- 


PHASEOLUS ANTI-A tinable cells are finally exhausted, and the 
activity of successive supernatants be- 
comes constant. The samples are centri- 
a Se RON fuged and washed so that only the Cr®! 
ee ee 2 bound to cells is counted. Each sample 
Pni/kiinipe tibet iiaiag corrected for the cumulative dilution 
.us and Dolichos lectins on cells of A, donor Of the system, and the ratio of the cor- 

8. W. In the experiment begun with Doli- rected final activity to that of the initial 


chas anti-A;, Phaseolus anti-A was added at : : 4 : 
each stage following the seventh. reaction mixture is the proportion of 
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inagglutinable cells. In these experiments, the Dolichos and Phaseolus agglutinins 
were adjusted to the same titer, 1:128, with A,B cells. The initial reaction mixtures 
contained 5 ml. of washed labeled cells, 20 ml. of saline, and 10 ml. of agglutinin. 
Their activities ranged from 1.8 to3.5 X 10° counts/minute/ml. The stage addi- 
tions were 3 ml. of agglutinin and 3 ml. of a 66 per cent suspension of A, or A,B 
carrier cells. Agglutinations were carried out at 4° C. A well-type scintillation 
counter was used, with a background of 250 counts/minute. 

In Figure 1 the corrected sample activities are plotted against the stage in two 
experiments with the same A; donor. The proportion of phenotypically O cells is 
just under one per thousand in the experiment with Phaseolus anti-A. With 
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Fic. 3.—Isotope dilution curves on 

Odaquicigitisiguthdgernptunfedianiabiiti cells of A,B donor M. E.G. It is note- 

286486 7 2.3 worthy that the Dolichos and Phaseolus 

STAGE lectins had the same titer against 

M. E. G. cells in the standard test, 

Fig. 2.—Experiments similar to despite the large difference in the pro- 

those in Fig. 1 on cells of A,B donor portion of cells inagglutinable by these 
c. A. reagents. 





Dolichos anti-A,, the sum of O and Ap cells is about 3.5 per thousand. Substitution 
of anti-A for anti-A, in the stages after the seventh produced a decline in the level 
of the O cells. Figure 2 shows a similar pair of experiments on an A,B blood, indi- 
cating just above one per thousand B cells and 1 per cent A,B cells. Again the 
addition of Phaseolus lectin after equilibration to Dolichos resulted in a further de- 
cline, but the experiment was terminated when the volume of the system became 
limiting before a second equilibrium was reached. Another A,B blood is analyzed 
in Figure 3 and contains about one B cell per two thousand and 7 per cent A.B cells. 

Cells inagglutinable by anti-A, were obtained from A,B blood by direct isolation, 
for comparison with known A.B cells in ordinary typing procedures. The tech- 
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nique of isolation described in detail elsewhere? is designed to minimize entrapment 
of inagglutinable cells in the pellets formed by centrifugation in the presence of 
agglutinin. Washed cells are first agglutinated in a large pan and a preliminary 
separation accomplished by gravity in a separatory funnel. The supernatant, 
which still contains mainly agglutinable cells, is then concentrated by centrifugation 
over high-density fluorocarbon oil. Cells are deposited in a thin layer at the inter- 
face, and the layer is subsequently broken into free cells and flakes that are easily 
separable. The process is repeated on the free cells until no further agglutination is 
detectable. Significant losses of inagglutinable cells are incurred, but the prepara- 
tions are fairly pure. 

One hundred and fifty milliliters of cells from donor K. A. yielded 0.4 ml. of cells 
inagglutinable by Dolichos anti-A;. These were thoroughly washed in saline, 
adjusted to a 2 per cent suspension, and tested with the reagents shown in Table 1. 


TABLE 1 


COMPARISON OF REACTIONS OF EXCEPTIONAL CELLS SELECTED FROM A,B (DoNoR 
K. A.) with THose or UNSELECTED CELLS AND Known A,B anp B CELLS 

—__— SzLectrzp———— 
With With 

UNSELECTED Dolichos Phaseolus AB B 

CELLS Anti-A; Anti-A (Donor L. R.) (Donor C. M.) 

Dolichos anti-A; 0 0 0 0 
C.D.S. anti-A; 3 0 0 0 0 
Phaseolus anti-A 2- 0 : 0 
C.D.S. anti-A -2¥ ct : 0 
Ulex anti-H 2 3 ; 2-3 
C.D.S8. anti-B 4 4 4 


Two drops of reagent and one of cell suspension were mixed in a small tube and 
centrifuged to a firm pellet. The tube was tapped to resuspend the pellet and 
scored as follows: pellet unbroken, 4; several fragments, 3; many fragments, 2; 
small fragments only, 1; microscopic agglutination, +; no agglutination, 0. 
The C.D.S. (Certified Donor Service) reagents are commercial typing sera. The 
cells selected with Dolichos anti-A; are compared with unselected cells of the same 
donor, with known A.B and B cells, and with cells selected with Phaseolus anti-A. 
By these criteria, the cell suspension remaining after removal of the A,B cells be- 
haves phenotypically as A,B, whereas cells selected with anti-A are phenotypically 
B. The resemblance between the selected cells and those of known type extends 
even to the cross-reaction with anti-H. In a similar experiment with A,B donor 
M.E.G., 170 ml. of cells yielded 6 ml. inagglutinable by Dolichos anti-A;. The ease 
of isolation in this case was entirely consistent with the result of the isotope dilution 
experiment on the same donor. The selected M.E.G. cells were used to absorb 
C.D.S8. anti-A and produced a reagent indistinguishable from C.D.S. anti-A). 
Parallel absorptions with unselected M.E.G. cells exhausted C.D.S. anti-A, as 
expected. In summation, the individuals tested not only possess some cells lacking 
in A agglutinogen but a larger number in which A, is lacking and A, present. 
Clearly, the exceptional cells of subgroup A,B cannot be produced by somatic 
crossing over or by other processes that lead to homozygosis. Even the separation 
of an ostensible A,A, cistron cannot be invoked, since neither A; nor A, is ever 
found in coupling with B. The proportion of cells having A, alone seems to be 
quite uncorrelated with that of cells in which A is absent, suggesting that the proc- 
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esses giving rise to the two classes are independent. Should this be substantiated, 
it may narrow the range of speculation as to the origin of the exception cells. At 
present it is possible that they represent somatic mutation in the proliferating 
marrow and equally possible that they are phenocopies or, as Koller® has expressed 
it, ‘‘serological freaks.” 

* Present address: Department of Obstetrics and Gynecology, University of Chicago, 
Chicago 37, Illinois. 

+ Operated by Union Carbide Corporation for the U.S. Atomic Energy Commission. 

'K. C. Atwood, and 8S. L. Scheinberg (submitted to Science). 

? K. C. Atwood, and S. L. Scheinberg, J. Cellular Comp. Physiol., 52, Suppl., 1958 (in press). 

*>R. B. Goudie, Lancet, 272, 1333, 1957. 

‘ The Dolichos seeds were kindly provided by Dr. R. D. Owen. 

5 W.C. Boyd, and R. M. Reguera, J. Jmmunol., 66, 333, 1949. 

®P. C. Koller, Nature, 181, 1706, 1958. 


GENERATING FUNCTIONS AND THE SEMIGROUP THEORY OF 
BRANCHING MARKOV PROCESSES* 
By A. T. BHARucHA-REipf AND HERMAN RUBIN 
DEPARTMENT OF MATHEMATICS, UNIVERSITY OF OREGON 


Communicated by Einar Hille, August 5, 1958 


1. In this note we consider an approach to the study of Markov processes with 
a denumerable state space which is based on the properties of the semigroup of op- 
erators associated with the generating function of the probabilities defining a partic- 
ular process. We can define a process as a collection I = } p;,)(t)} of real-valued 
functions on (0, ©), where 7 and j range over a fixed denumerable set %, satisfying 
the following conditions: 
(i) p,(t)>0, t>0; 
ou Zi pth: So 4 we; 
ker 
(iii) py(s +t) = >> pals)p, (0), s, 


ke 
(iv) p,,(0) = lim piy(t) = by. 
t10 


Condition (ii) characterizes dishonest (or quast) processes. When (ii) is strength- 


ened to 
ii’) > palt) = 1, t > 0, 
kek 

IM is called an honest process; and in this case the functions p,,(¢) are the transition 
probabilities for a time-homogeneous Markov process with a denumerable state 
space. 

It is well-known that in many cases the matrix of transition probabilities P(t) = 
(pi;(t)) satisfies the backward and forward Kolmogorov differential equations, 


P’(t) = QP(b, } 
P(t) = P(®HQ, 


(1) 
P(0) = I (the identity matrix).) 





1058 MATHEMATICS: BHARUCHA-REID AND RUBIN Proc. N. A.S. 


In the above, Q = (q;,;) is the matrix of infinitesimal transition probabilities, where 


(pit) — 41) 


; (2) 


94 = py'(0) = lim 
t10 
In recent years several authors have utilized the theory of semigroups of opera- 
tors to study Markov processes with a denumerable state space. In this approach 
the process SW is described by a linear bounded operator P; on the Banach space [ 

to itself, defined by 
(Paz);= > umift), zel (3) 

keX 
Properties (i)—(iv) imply that G = }P,: t > 0} is a contraction semigroup of class 
(@o), i.e., that 


(a) Pa> 0, 


(b) ||Pall < lle, 2>0, %t>0; 


it 
(c) Pi. = P,P, Py = I, 38,t > 0; 
(d) lim |\(P, — Dx’) = 0, for each x ¢ I. 
ti0 
If (ii’) holds, (b) is replaced by 
(b’)||P.zl| = |la), 
so that G is a transition semigroup. 
The semigroup is uniquely determined by its infinitesimal generator 0. 

linear operator is defined by 
(P, — Ix 


Qc = lm 
t10 


(4) 


The domain of 2, D(Q), consists of those elements x for which the strong limit in (4) 
exists. Since G has a unique representation (3) in terms of a process SW, we can, 
from the point of view of functional analysis, identify a given process IW with the as- 
sociated semigroup G of transition operators on the Banach space I. 

Most of the studies in the semigroup theory of Markov processes have been con- 
cerned with the existence and uniqueness theory of the Kolmogorov equations,* * ° 
certain pathological processes,* 7 and ergodic properties." * ' In this note we wish 
to consider another application of semigroup theory. In particular, we consider 
the use of semigroup theory in connection with the method of probability-generating 
functions. Our primary purpose is to ascertain what properties of a particular 
process I can be deduced from the properties of the semigroup of operators asso- 
ciated with the generating function. 

2. Let X(t) be an integer-valued random variable taking values in a denumer- 
able state space ¥; and P,(t) = Pr(X(t) = x),  « ¥. In most applied problems 
one starts by writing down the forward Kolmogorov equations for the probabilities 
P(t). A standard procedure for solving this infinite system of differential equa- 
tions is to introduce the generating function, 


t > 0, (5) 


— ’ 


F(s,t) = > Ps’, |s| <1 
z=0 
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which transforms the infinite system into a single partial differential equation.? 
To be more precise, the probabilities P,(t) satisfy the system 


P,'(t) = Q%P,(t), «eX, t> 0, (6) 


with initial conditions P,(0) = 1, P,(0) = 0, x ¥ 1, say, where Q, is a difference 
operator. Application of (5) to (6) yields the partial differential equation, 

F.(s, t) = %F(s,t), |s| <1, t>0, (7) 
with initial conditions F(s,0) = s. For simple branching or multiplicative proc- 
esses, Q2 is the differential operator ¢(s)0/Os, where ¢(s) is a power series in s conver- 
gent in the unit circle. The function ¢g(s) expresses in polynomial form the in- 
finitesimal transition probabilities q,;, since g;, = taj;—-;-1 and a, is the coefficient of 
s". For example, in the case of the simple birth-and-death process ¢(s) = As? — 
(\ + w)s + pw, where \ and yu > O are the birth and death rates, respectively. In 
general, since > q;, < 0 and q,, > 0 if i ¥ j, the only negative coefficient in ¢ is 


J 
a, and also ¢ (1) < 0. For more general processes the operator Q is of the form 
¢(s) 0/Os + &(s), where the function — represents an “input.” 

3. From the point of view of semigroup theory the difference operator Q; in (6) 
is the infinitesimal generator of a semigroup of transitions operators of class (@o) 
on the Banach space [. The connection between equation (7) and semigroup theory 
is expressed by the following 

THeoreM. The differential operator Q2 in (7) ts the infinitesimal generator of a semi- 
group of transition operators H = \T,:t > Of of class (Co) on any of the following 
Banach spaces: (1) @—the space of functions analytic within the unit circle and con- 
tinuous on the boundary; (2) @—the space of all power series whose sum of absolute 
values of coefficients is convergent; and (3) @—the space of all bounded analytic func- 
tions. The domain of Q, includes those functions whose derivative is in the Banach 
space. 

We first observe that if (5) is the generating function of the probabilities P,(f) as- 
sociated with a simple branching or multiplicative process under the initial condi- 
tion P;(0) = 1, P,(0) = 0, x ¥ 1, then F(s, t) satisfies the functional equation 


F(s, ty a ts) = F[F(s, th), to]. (8) 
Hence, if the collection of operators } 7,} is defined by 
Ts = Fg, t), (9) 


it is easily verified that 7,,+,, = 7,7, = 1, so that % = {7,:t > O} is a semigroup 
of operators of class (@o). As far as we know, this relationship between semigroups 
of operators and generating functions was first pointed out by D. G. Kendall.® 

Let us denote an element of @ (or ®) by g, where g(s, t) = F(s, ¢) if and only if 
g(s,0) = s. If we define the norm of 7, on @ (or @) as , |g(s, t)| for those fune- 
tions g such that |\g(-,0))) = 1, then) 7,4 wre) = 1; and if we define the norm of 
T, on @ as the sup of the sum of the absolute values of the coefficients of g(-, t) for 
those functions g such that | g(-,0)) = 1, then |7) g = 1. Hence 5¢ is a transition 
semigroup of operator on @, ®, or @. That 5 is generated by 22 follows from an 
application of the Hille-Yosida theorem,’ 
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It is of interest to point out the following relations between the spaces @, ®, and 
e: (i) @ ¢ Q@, (ii) @ is isomorphic to |, (iii) @ is dense in @ in the @-norm, but not 
dense in @. We also remark that, for processes of the branching or multiplicative 
type, 7, operates also on the Banach algebra of functions of either @, ®, or @. 

A generalization of relation (9) for nonmultiplicative processes is given by the 
following 

Tueorem. If in (7) Q2 = ¢(s) 0/08 + £&(s), then Q: is the infinitesimal generator 
of a semigroup of transition operators KH = |T,:t > O} of class (Co) on the Banach 
space @ (or ®), and 


(T.g(-, O)(s) = g(F(s, u), 0) exph fo‘ e(F(s, r))dr}. (10) 


We now state several theorems which relate to the spectral properties of the 
operator 2: and the behavior of the process SM. 
THeoreM. There exists a discrete spectrum of Q2 = ¢(s)0/O0s if and only if the 


process M explodes and f ' hd converges. 
¢(s) 

TuHeoreM. There exists a discrete spectrum of Q2 = ¢(s)0/0s tf the process M ex- 
plodes and the explosion takes place exponentially, 1.e., the differential probability of 
explosion is exponential. 

Tueorem. I[f the process M does not explode, zero is in the point spectrum of Qe = 
g(s) 0/Os + &s). 

THeorem. The resolvent spectrum of Q2 = ¢g(s) 0/O0s + &s) contains the negative 
numbers. 

Proofs of the theorems stated and applications to particular processes, both uni- 
variate and bivariate, will be given in a subsequent publication. 


* Work supported by the Office of Ordnance Research, U. 8. Army, under Contract No. DA- 
04-200-OR D-651. 

t Present address: Mathematical Institute, University of Wroctaw, Wroctaw, Poland. 
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THE WORD PROBLEM* 
By Wixuiam W. Boone 
UNIVERSITY OF MANCHESTER 
Communicated by Deane Montgomery, July 7, 1958 


INTRODUCTION; SUMMARY OF RESULTS 


Resuut a. There ts exhibited a group given by a finite number of generators and a 
finite number of defining relations and having an unsolvable word problem. 

In the present account the finite presentation of a group used for Result a is 
much simpler in form than that of UG;! moreover, the symmetry argument of 
Theorem III*, Case 2, UG, Part V, is replaced by the very simple Lemma 7 of UG, 
Part II. The idea behind this change is that the inverses of the group generators 
relative to which a presentation is given can be taken as an anti-isomorphic copy of 
the generators. Since in any group A~! equals B~ is a consequence of A equals B, 
PAP™ equals QAQ™ of AP~'Q equals P~'Q A—and vice versa—the connec- 
tion between the old and the new arguments can be seen from the well-known 
Tietze transformation theorems.’ 

To obtain Result a, we use a certain Thue system of Post,* but Result b shows 
that one may use, instead, any Thue system with an unsolvable word problem. 

Resutt b. There is explicitly given a recursive mapping, ¢, from the set of Thue 
systems into the set of finite presentations of groups such that the equality of the arbitrary 
words A and B in the Thue system T is equivalent to the equality of certain words- 
recursively specified in terms of A and B—in the finite group presentation ¢(Z). 
Thus if T has an unsolvable word problem, so also has ¢(Z).* 

Magnus* has shown that any finite presentation of a group consisting of one non- 
trivial defining relation has a solvable word problem. The group presentation of 
Result a has an extremely large number of defining relations. A natural question is 
this: What is the smallest number of defining relations which a finite presentation 
of a group with unsolvable word problem can have? How long and how ‘‘compli- 
cated” must these relations be? Result ¢ gives a program for producing, from Thue 
systems, ‘“‘simple-looking”’ finite presentations of groups having unsolvable word 
problems. Using an unsolvability result of Dana Scott® on Thue systems, a result 
noted by Marshall Hall,’ and an imbedding theorem for groups of Higman, Neu- 
mann, and Neumann,’ it follows from Result ¢ that one may exhibit a group given 
by two generators and thirty-two defining relations and having an unsolvable word 
problem. 

Resuttc. Let gi, go, ..., gy and A, = By, A, = Bo, ..., Aw = By be the genera- 
tors and defining relations of an arbitrary Thue system I. Let P by any fixed word 
of =. Then Tp is the finite presentation of a group depending on T and P and de- 
scribed as follows: 

The N + 9 generators of Tp: 


Ji, 9% - ++ 9ns 9, hh, b, k, a, b, c, d, e. 


2 


The 6N + M + 13 non-trivial defining relations of Tp: 
1061 
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= deiacid/qB,b’ciae’b’", 7 = 1,2,...M 

= 9iq 

= gia 

= gt 

= ge 
gd = d¥Had" tg, bg, = gib™Hab™* 
ta= a, ak = ka 
t,c = cl, : ; bk kb 
td = dt, ; ck = ke 
tie = et, ek = ke 

tgPkP-'q—'t,—! = tegPkP—'q7to!. 


For any word W of T, W equals P in T tf and only if 
iWkW —'t,—! equals }-WkWt.—! 


in Zp. Thus, if it is recursively unsolvable to determine for an arbitary word W of = 
whether or not W equals P in T, then the word problem for Tp is unsolvable. 

Finally we note a very easy direct proof of the unsolvability of the word problem 
for the finitely generated infinitely related case. 

Demonstration of Resulta. The Thue system [, given below can be taken to be any 
Thue system having the form stipulated. The Thue system T:, which depends on 
Th, is a finite presentation of a group. We use 2, D’,...1T,T’,... asa variable for 
words on 3; (i.e., consisting of the symbols of 3:) which are of the form Ag,ll, 
where A and II are words on 8, 82, . . ., Sy and g, is g, qi, . . - OF qv. 


31: Sy 25 +s 9 M; qi, q2,; oe ey qn; q; 
Un: > , = : oy eee = Tp. 


Be: All symbols of 31; &, t, k, 2, y; 1, 7, 1,2,..., P; Each of the above 
symbols with superscript — 1 added. 

Us: Where. = 1, 2,..., P, a = 1, 2, and B = 1, 2,..., M, the following: 

2.1 z, = LIr, 


bo 
_ 
7) 


Sal, = ylysg 
S34 = YYS~ 

tJ. = ld. 
ty = yt. 


89 = Sir, 
L8g = Sgtx 
rk = kr, 
ak = kz 


to bo bo bo 
Or x Co bo 
bo bo bo 
© 0 =I 


2.10 — kq7 ty Maq = gregh. 


Where a and a~! are symbols of 3: the following: 
2.11 a'a=1 = (where | is the empty word) 
2.12 aa = 1. 

A proof of A/B in T,, 7 = 1, 2, is a finite sequence of words on 3, called steps, say 
C,, C2,...,C,, such that C; is A and C, isB; each C, and C,,,,» = 1,2,..., — 1, 
are PDQ and PEQ where D = Eis a rule of U; for some P and Q, possibly void.® 
We abbreviate “there is a proof of A/B in T,’ toA F B. 

Matin Tueorem. For any choice of T, and 2, 2 1 q tf and only if 

L2Dkz—t, “1 ote Dk — ty}. 
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From Post* we have that for a certain choice of ZT, it is unsolvable to determine 
for arbitrary = on 3; whether or not 2 yg. Thus the Main Theorem implies 
Result a. The “only if” part of the Main Theorem is easy. Let Z (Let Q) bea vari- 
able for words on y, y~!, and the symbols J, 1,~' of 32 (on x, «~!, and the symbols 
r,r.'of 32). Suppose 2! ig. Then forsome Z andQ, 2+ .=zqQ. Consequently— 
noting 4gkq—'t—'F ofegkq—te—'—we have t)2kI—'%y~! F of2LkT— te. 

To show the Main Theorem in the non-trivial direction, we first stipulate three 
additional group presentations, T,, T,, and T;. We define 3; to be 3.; U, to be Ue 
with each ak = ka of Us or Us.9 replaced by ak = k and Ub. replaced by tigk = 
tegk. We define 3, to be 33; Uy, to be U; with each at, = ¢,a of Us, or Us.s replaced 
by ta = t, and tgk = tgk excluded. We define 3; to 3, with k, k~', t,, t,~! ex- 
cluded; U; to be Uy with the rules containing k, k~', ¢,, t,~' excluded. Let AF ,,B, 
?= 1,2,...,5, mean AF ,B with no occurrences of g~', qo~', . . ., gv~' in any step. 
Then the plan of the argument is given below in the first column; the first statement 
in each brace implies the second. 


h2k>— 4-9 oto Dk —U_—! 
tro Cf. UG, Part II, Sec. 5-7, especially Lemma 7. 


| Roughly speaking, erase all symbols right of & in 
f each step of the T; proof. 


{2 cz ae Nie - tata 


L2k a eloDk 
Cf. UG, Part I, Sec. 5-7, especially Lemma 7. 
i2k - se l2dk 


t2k F seeligk 
See ii below. 


( 
( 
\ See i below. 


Lt :=q2 for some = and 2 


De 5aq2 ik aut oe 
ie See iii below. 


Cf. UG, Part VI, See. 20. 


TE sq=GO 
~ SqsmeGse + —] —] - , be 
Erase the symbols /,, or r,, 1,~!, r,~!, everywhere in 


the T; proof. 


Dh, 
l 
{ 


Zk iq 

(i) Omit from the T; proof all steps following the first application of tigk = tegk; 
then erase from each step remaining all symbols left of 4, all right of k. (ii) It is 
sufficient to show M;' ;2’M;,,0’ for some 2’ and ©’, where ¢t;M,k is the ith step of 
the ZT; proof. (ii) Cf. UG, Part IT, See. 5-7, and Part III. But the argument of Part 
III can be replaced by an almost trivial one using the techniques of UG, Part VI, 
See. 20 and 21 and the fact that the set of words /,, /,~! (or words r,, r,~') is inde- 
pendent.*! 

Demonstration of Result b. Throughout this section, T>, Tx, T,y, are Thue 
systems depending on the arbitrary Thue system T (with symbols 3 and rules 1)— 
T.w) depending on the word W on 3 as well. Let 3 contain p, v and a, a for each 
a of 3 and let Uy contain the rules of Wand ab = ba, paa = ap, apy = pv for each 
aot 3. Let Wand V be words on 3, Vo the word obtained from V by replacing a by a. 
Then pViWv + x,pv if and only if WF xV. Let 3 consist of 3 and q@; Ui con- 
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tains mA = q,B, ma = aq for each A = Bof Uandaof 8. Then for any W and V 
on 3, mW o,qV if and only if WE zV. Let 3¢w) consist of 3 and q; Uw, of U 
and W = gq. Then, for any V on 3, VE Tw) Uf and only if VE zW. Thusforany 
Tt and words A and B on 3 the following statements are equivalent: At zB; 
PBAvt z.pv; mpBAvk 3,qp; “pBAvk ¢,.¢,29g. This shows Result b since 
T(r) has the form of T, used in the demonstration of Result a. 

Demonstration of Result ce. The argument is a revision of that for Result a. The 
main points are: (1) the proof of Result a is valid if the g of Ue... is interpreted as 
some fixed special word of T, and U,..9 rewritten in the symmetric form of the last 
relation listed in Result ¢; (2) if T isany Thue system then the Ts used for Result b 
has the form of T, used for Result a; (3) the set of words c’e/, 7 = +1, +2,..., 
+M is independent," as is the set c*!, e*!, d*!, b’*+ab”+!, biciae’b’ j = 0, +1, .. ., 
+ M, 

Result c and J. Starting with an arbitrary system ‘T, the Thue system ‘Ty (see 
Result b) can be identified with the T of Result ¢. Thus if ‘T has an unsolvable 
word problem, so has ‘To,,._ Using this construction in connection with Scott’s re- 
sult yields aforty defining relation group with unsolvable word problem that can 
actually be written down in a few minutes’ time.” 

The Word Problem for the Finitely Generated Infinitely Related Case.‘* Where S is 
any set of ordered pairs of positive integers, let Ts be the following group presenta- 
tion. 

Rs: 2, U1, Vz, J 
Us: z™x,"qz,-" = 22"q22~ 


z=1 


n 


for each (m,n) of S. 


THEOREM. ay"qa1—" F gs X2"qx2—" if and only tf there is an m such that (m, n) is 


a member of S. 

The theorem implies the desired unsolvability result, for we may take any well- 
known S such that (1) there is a recursive procedure to determine for an arbitrary 
pair of positive integers, (m,n), whether or not (m, n) isa member of S; (2) there is 
no recursive procedure to determine for arbitrary n whether or not there is an m 
such that (m, n) is a member of S.'4— 


* The author is a John Simon Guggenheim Memorial Fellow. This research was supported 
earlier by the Institute for Advanced Study, National Science Foundation contract G-1974, and 
the U.S. Educational Foundation in Norway. 

1W. W. Boone, ‘Certain Simple Unsolvable Problems of Group Theory,’”’ Koninkl. Ned. Akad. 
W etenschap., Ser. A, Part I, 57, 231-237, 1954; Part II, pp. 492-497; Part III, 58, 252-256, 1955; 
Part IV, pp. 571-577; Part V, 60, 22-27, 1957; Part VI, pp. 227-232. In Part V, last line of p. 
24, read ‘“‘and 7” after “6” and “their” for “its.” We have attempted to make the present note 
as self-contained as possible. 

? The relation of our work to P. S. Novikov, On the Algorithmic Unsolvability of the Word 
Problem in Group Theory (Trudy Mat. Inst. Steklov, No. 44 [1955]) (in Russian), is still essentially 
unknown to us (see A. A. Markov, Math. Rev., 17, 706; an A.M.S. translation of Novikov by K. A. 
Hirsch is in preparation). Through J. L. Britton we do know that Novikov uses the symmetry 
argument of UG, Part V. At the British Mathematical Colloquium, Nottingham, September, 
1957, Britton announced a new proof of the unsolvability of the word problem based to some extent 
on Novikov’s proof. Our Results b and ¢ were presented at this colloquium. Result a—using 
the TJ: given below but with the old symmetry argument—on a Fulbright Inter-Foundation 
Lectureship tour in the United Kingdom in May, 1957. 
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3K. L. Post, J. Symb. Logic, 12, 1-11, 1947. 

‘In the sense of Post, the word problem for f is reducible to that for ¢ (2). 

5 W. Magnus, Math. Annalen, 106, 295-307, 1932. 

6 Dana Scott, abstract, J. Symb. Logic, 21, 111-112, 1956. 

7 Marshall Hall, J. Symb. Logic, 14, 115-118, 1949. 

8G. Higman, B. H. Neumann, and H. Neumann, J. London Math. Soc., 24, 247-254, 1949. 

9 As defined, UG, Part I, p. 234. 

” Also provable by Theorem I of Higman, Neumann, and Neumann, op. cii., as pointed out to 
us by Higman. 

1! The set of words Aj, As, ..., Ax on 3 is not independent if there is a product of the A’s, with 
no adjacent A’s inverses of each other, which equals 1 in the free group on 3. 

12 The 32 defining relation group mentioned above has one relation which is astronomical in 
length. 

13 Included in a report filed with the National Science Foundation on contract G-1974, May 28, 
1956—but in a form more akin to UG, Parts V-VI, than Result a as presently shown (cf. W. Craig, 
J. Symb. Logic, 18, 30-32, 1953, and B. H. Neumann, J. London Math. Soc., 12, 125, Theorem (13), 
1937). 

'4 For related material see W. W. Boone, abstract, Bull. A.M.S., 62, 148, 1956. 


NON-ADDITIVE FUNCTORS, THEIR DERIVED FUNCTORS, 
AND THE SUSPENSION HOMOMORPHISM 


By ALBRECHT DoLp AND DreTer PupPE 
MATHEMATISCHES INSTITUT DER UNIVERSITAT HEIDELBERG 
Communicated by Saunders Mac Lane, July 3, 1958 


1. Derived Functors of Non-additive Functors.—Let T be a (covariant) functor of 
modules over a ring A to modules over a ring A’. If T is additive i's derived fune- 
tors have been defined by Cartan-Eilenberg.? Additivity is used to show that 7 
applied to a chain homotopy again gives a chain homotopy (cf.* IV, 5, and V, 3). 
Using FD-complexes‘ instead of chain complexes, we define left derived functors for 
arbitrary functors 7. 

1.1. Definition—A projective FD-resolution of type n of the module M is an 
FD-module P such that (i) P; = 0 for 7 <n, (ii) P; is projective for all /, (iii) H,(P) 
= M,H,(P) = Oforj # n. 

Passing from an FD- module to its normal(ized) chain module establishes a 1 to 1 
correspondence (up to natural equivalences) between /D-modules, FD-maps, FD- 
homotopies and chain modules, chain maps, chain homotopies.* In particular, it 
establishes such a correspondence between projeetive FD-resolutions P of type n of 
M and chain modules C for which C; = 0 for 7 < n and 


(os BOSCO HOH Cue... (1.2) 


is an ordinary projective resolution? of M@. From the corresponding properties of 
ordinary resolutions it follows: Every module has a projective FD-resolution of any 
given type n. If f: M — M’ is a homomorphism and P,P’ are projective FD- 
resolutions of type n of M,M' resp., then there exists an FD-map F: P — P’ such 
that Fs: H,(P) —~ H,(P’) equals f. Moreover, if F’ is another such map, then 
FF’ are FD-homotopic (cf. Cartan-Eilenberg,? V, 1). 
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Now let 7 be an arbitrary functor from modules to modules. Its prolongation*® 
to FD-modules (defined by applying T is every dimension and also to the face- and 
degeneracy operators) preserves homotopy, i.e., F ~ F’ implies TF ~ TF’ for all 
FD-maps F,F’, even if T is not additive.* Hence it follows, as in Cartan-Eilen- 
berg? (V, 3), that H,(7’P) depends only on M and n (not on P), and (7F)s: H,(TP) 
— H,(TP’) depends only on f and n. We denote H,(TP), (TF)s, by L,TM, 
L, Tf resp., and call L,°T the qth left derived functor of T of type n. 

If T is additive, L,T coincides with the left derived functor L,_,,7 as defined in 
Cartan-Eilenberg.? For arbitrary 7 we shall exhibit a natural transformation co: 
Lor > Leer, the suspension (cf. (2.4)). o is an isomorphism for additive 
7, but not in general. 

1.3. Examples.—Let T,T’ be the functors from abelian groups to A-modules 
defined by TM = N @ Z(M), T’M = N ® SA(M), where N is a fixed A-module, 
Z(M) is the group ring, and SA (M) is the symmetric algebra of the abelian group MV. 
Then L,“ TM for all n, and L,™T7’M for n > Oare the Eilenberg-Mac Lane mod- 
ules H,(M,n; N).4 We do not know how to answer the interesting question as 
to the nature of the derived functors of the I'-functor of Eilenberg-Mac Lane.® 

2. The Suspension.—Define the cone over an FD module K to be the FD-module 
CK given by 


(CK), = Kg + Kyit Ky2t+...+ Ko, 
Oi(@y, Qg—-1, . - -» Ao) = (Opdy, Oy-14y-1, . - «, O10g— 141, OpAy—i + 
ie 4-1, Mega, + +55. Ge), 2 <<, (2.1) 
a a ee Qo) = (Opa, Op-14y-1, . . -, O10), 
Ce Seer Qo) = (8M, 8i-149-1, . . ., SoQg—i, 0, Ag—i-1, . . -, Ao), 


where 0; and s; are the face- and degeneracy operators. There is a natural injection 
i: K ~ CK, and the FD-module SK = CK/iK is called the suspension of K. The 


exact sequence 


i P 
0- K—-CK-->SK—-0 (2.2) 


splits if we disregard the FD-structures, i.e., (CK), = K, + (SK), forall g. CK is 
of the same homotopy type as the trivial complex 0 (notation: CK = 0), hence 
H(K) = H,+i1(SK). If P isa projective resolution of type n, then SP is a projec- 
tive resolution of type n + 1 of the same module. 

Let T be a functor from modules to modules prolonged to FD-modules as above, 
and assume 7(0) = 0. Then (Tp)(T1) = T(pi) = 0, 1.e., im(Ti) ¢ ker(Tp), and 
we have (Ti)«: H,(TK) > H,(ker(Tp)). Since (2.2) splits, Tp is an epimorphism, 
hence T7SK = TCK/ker(Tp). The boundary homomorphism A: H,.;(7SK) > 
H,(ker(Tp)) is an isomorphism because CK = 0 implies TCK = 7T(0) = 0 (T pre- 
serves homotopy). So we can form the suspension homomorphism, 


o = A-\(Ti)*: H,(TK) — Hous(TSR). (2.3) 


In particular, if K = P is a projective FD-resolution of type n of M, this gives a 
natural transformation, 


o¢™(M): LO TM — L&3PTM. (2.4) 
If T does not satisfy T(0) = 0, then TM = T’M + Mo, where 7’(0) = 0, and 
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Mp) isa fixed module. In order to apply our constructions, replace T by the functor 
¥", 

3. Properties of the Suspension.—Eilenberg and Mac Lane® defined the kth 
cross-effect functor of a functor T with T(0) = 0. These functors, also denoted by 
T, satisfy 


T(Mi + Me +...+M,) = Disicic...<ieseT(Mi|Mi|. .|Ma). (8-1) 


Letting all variables in the kth cross-effect be equal gives a functor in one variable, 
TM = T(M\M| ...M) (k variables). (3.2) 


Let 5°,M denote the direct sum of k copies of M. Define a;’: }>,.M > 41M 
and 8;’: >}o..M > >°.M for 0 <i <k by 


as'(m, M2, . . ., Me) = (M, . . ., Mea, Me + Magi, Migs, . . -, Me) | 
B,'(my, Me, . . ., Mea) = Mi, . . ., Mer, M4, My, Mey, . . ., Mp1). 


(3.3) 


By restriction and projection (cf. 3.1) we obtain from Ja,’ and 7,’ the natural 
transformations 


Qi: T iM —> T r-1M ° . re 
Be: Tal — TosM 0O<i<k. (3.4) 
a, and 8, are prolonged to FD-modules by applying them in every dimension. 

Let K be an FD-module. The elements in the image of ays: H(T(K\K)) > 
H(TK) resp. in the kernel of 6j«: H(TK) > H(T(K|K)) are called decomposable 
resp. primitive. 

3.5 Proposition. The decomposable elements of H(TK) lie in the kernel of the 
suspension o: H(TK) —~ H(TSK). The image of o consists of primitive elements of 
H(TSK). 

To obtain further results on the suspension (in particular a partial inverse of 3.5: 
cf. 3.9) we consider the sequence 

d 12 dk dk 


ee ee So ae (3.6) 


where d = d; = VF (- 1)/a;. Then dd = 0,and +d, together with the “internal” 
differential 9 = }°(—1)/2, of Ty K, turns TK = }Of_1, 7K intoa double complex. 
If 7 stands for “group ring” or “symmetric algebra” (cf. 1.3) TK is very much like 
the bar construction.‘ 

3.7. THEOREM. There is a natural isomorphism H,..( TSK) = H,(IK) which 
transforms the suspension ¢: H,(TK) — Hy4:( TSK) into the map te: H,(TK) > 
H,(XK) induced by the inclusion «: TK ~ TK. (H(ZK) is the homology of the 
single complex associated with the double complex TA; ef. Cartan-Eilenberg,? IV, 
4.) 

There are two spectral sequences associated with the double complex TK (ef. 
Cartan-Eilenberg,? XV, 6). One of them can be used to prove 3.7, the other gives 

3.8. Corotuary. There is a spectral sequence E” such that E' together with its 
differential d' is the (single) complex 

d 


dy 
H(TK) — H(TK) —. 


dy dy 
ee eg 
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and E” is the graded module associated with a certain filtration of H(TSK). 

It follows from a generalization of the Eilenberg-Zilber theorem’ by P. Cartier 
that H,(7,K) = 0 for q< kn if (A,): K, = Oforg<n. Using Dold,’ Section 3, 
one can replace the hypothesis (A,) by (B,): K is a projective FD-module over a 
hereditary ring and H,(K) = 0 forg <n. By standard arguments on spectral se- 
quences one then obtains from 3.8 

3.9. Corotuary. If K satisfies (A,) or (B,) then there is an exact sequence 

ax ¢ B Wig 
H (TK) > H,(TR) > Haa(TSK) > Aya(T pK) > Apa(TK) — (3.10) 
for q & 3n; in particular, o: H,(TK) — H,4:(TSK) is an isomorphism for q < 2n 
and an epimorphism for q = 2n. 

It can be shown that the homomorphism 8 in (3.10) is the composition of 81+: 
Hyai(TSK) — Hoy(TpSK) and an isomorphism Hy4:(T)SK) = Aya(T 2K). 
If T is a quadratic functor, ie., 7(M,|M2|M;) = 0 for all My, Mo, Ms, there is an 
exact sequence (3.10) without any assumption on K and without restriction on q. 

All results on the suspension have obvious applications to the left derived func- 
tors of 7. Corollary 3.9 gives, in particular, 


o: Lh TM = LS" TM for g < 2n. (3.11) 


There is a “dual” to the construction (3.6) which resembles the cobar construc- 
tion.' Together with the details about the preceding results, it will appear else- 
where. 


1J. F. Adams, “On the Cobar Construction,’”’ these PROCEEDINGS, 42, 409-412, 1956. 

2H. Cartan and 8. Eilenberg, Homological Algebra (Princeton, N. J., Princeton University 
Press, 1956). 

* A. Dold, “Homology of Symmetric Products and Other Functors of Complexes,” to appear in 
Ann. Math., 68, 1958. i 

4S. Eilenberg and 8. Mac Lane, “‘On the Groups H(z, n). I,’’ Ann. Math., 58, 55-106, 1953. 

5§. Eilenberg and 8. Mac Lane, “‘On the Groups H(z, n). II,”’ ibid., 60, 49-139, 1954. 


DIFFERENTIABLE MAPPINGS IN THE SCHOENFLIES PROBLEM 
By Marston Morse 
INSTITUTE FOR ADVANCED STUDY, PRINCETON, NEW JERSEY 
Communicated July 14, 1958 


1. Introduction.—The recent remarkable contributions of Mazur, of Princeton 
University, to the topological theory of the Schoenflies problem lead naturally to 
questions of fundamental importance in the theory of differentiable mappings. 
In particular, if the hypothesis of the Schoenflies Theorem is stated in terms of 
regular differentiable mappings of class C”, m > 0, can the conclusion be stated in 
terms of regular differentiable mappings of the same class? This paper presents an 
outline of an answer to this question. It shows how to develop a differential theory 
corresponding to Mazur’s process. ! 

An abstract r-manifold 2,, r > 1 of class C™ is understood in the usual sense.?* 
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We do not require that 2, be connected. Given manifolds 2, and 2, with C”- 
differentiable structures, a homeomorphism ¢ of 2, onto ZY, which is also a regular 
differentiable mapping of class C”, will be called a C”-diffeomorphism (abbr. C™- 
diff.). 


Cy"-diffeomorphisms: Let Y, and &,’ be r-manifolds of class C", m > 0. Let p 


and p’ be points, respectively, of ©, and Z,’. Then 2, — pand 2, — pare r- 
manifolds which possess C”-structures derived from those of , and 2. A homeo- 


, 


morphism A of 2, onto 2,’ will be called a C”-diff., if for some p « 2, and p’ « Z/, 
\(p) = p’, and if the restriction of Ato 2, — pisa C™-diff. of 2, — ponto Z/ — p. 
In case A is not a C-diff. of 2, onto 2,’, we term p exceptional under A. 

Let n > 1 be a fixed integer. Let FE and € be two Euclidean n-spaces. We shall 
be concerned with an (n — 1)-sphere S,_; of unit radius in EF, and a regular, com- 
pact (n — 1)-manifold M,—, in € with a C”-structure, m > 0, derived from that of 
&. Let M,—1 be the image of S,_; under a C-diff. g Let J S,_; and J M,_1 be 
respectively the closures of the interiors of S,—; and ,—: in EF and ©. In referring 
presently to a (y"-diff. of a neighborhood of J S,—1, we mean a Cy”-diff. in which the 
exceptional point (if any exists) is on the interior of S,_;. The principal theorem 
follows. 

THEOREM 1.1. Given a C"-diff. 6, m > 0, of S,—1 onto M,—1 there exists a Cy"-diff. 
A, of some open neighborhood of J S,—1, relative to E, onto some open neighborhood of 
J Mny—1, relative to ©, such that Ag|S,-1 = 9. 

There are indications that this theorem would be false if Co” were replaced by C” 
in its statement, at least false for some integers n.* 

2. Composite n-Manifolds—Let M and IM be two n-manifolds abstractly given, 
without points in common. Let W and W be fixed open subsets of M and M, re- 
spectively, and u a homeomorphism of W onto YW. Let each point p « W be identi- 
fied with its image u(p) to form an identified point [p:u(p)}. Subject to this identi- 
fication, let = be the ensemble of all points of M and WM. 

The -mappings m, ™, m2: To each point p « WM corresponds a point r(p) ¢ &, 
represented by pif pe W,and by [p:u(p)|if pe W. To each point q « Yt corresponds 
a point m(q) € =, represented by q if q ¢ W, and by [u~'(q):q], if ge W. Set m = 
aM, x. = 71M. The mappings 7 and 7 are biunique, but not in general onto 3: 
the mapping z of WM u MM (points unidentified) is onto Y=, but not in general bi- 
unique. We write 

>= (M,M, vu, W, BW, 


and term this a canonical representation of >. 

Let = be topologized as follows. Let XY and & be arbitrary open sets of W/ and 
WM, respectively. Let ® be the ensemble of subsets of 2 which contains all subsets 
m(X) and z2(X) and is closed with respect to finite intersections of its sets. An 
open set of Y shall be the union of an arbitrary collection of sets of &. So topolo- 
gized, = is not necessarily a Hausdorf space or a manifold. It is, however, if Condi- 
tion (a) is satisfied (as we assume). Let 8,,W denote the boundary of W relative 
to M, and By. the boundary of ¥, relative to Mi. 

Condition (a). For arbitrary points p € By W and q € By QW there shall exist neighbor- 
hoods N, and N,, relative to M and M, respectively, such that 


mN, a W) 9 w(N, m W) = 0. 
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u-Represented subsets of ©: Let A and % be subsets, respectively, of M and WM, and 
set : 
m(A) U aro( YN) = [A, Y, Sh 
This subset of S will be said to be u-represented if 
wWANW) = AN W. 
Two y-represented subsets of 2, [A, %, 2] and [B, B, 2], have a w-represented inter- 
section and union 


[An BXuBS), [AUBwAXUY,dI. 


This extends to infinite unions. The complement of a u-represented subset [A, YI, 
>| of is a w-represented subset (JJ — A, Yi — A, =z). The algebra of these subsets 
is basic. 

A C™-structure on 2: Suppose VM and Yt have C”-structures and that the mapping 
wisa C™-diff. Let [F} and [§] be, respectively, sets of local representations of ./ 
and IN, where F ¢ [fF] maps an open Euclidean region U onto a domain of coordi- 
nates Y ¢ M, and § €« [§| maps an open Euclidean region Ul onto a domain of 
coordinates ¥ ¢ IW. We suppose that a C”-structure is thereby defined on M and 
mM. Toeach F ¢ [Ff] corresponds a mapping mF of U onto m(X) ¢ Y,and toeach § 
e [| corresponds a mapping m2 of U onto m(¥) ¢ LY. We show that the set of 
these mappings defines a C”-structure on 2. 

3. Differential Transformation of the problem.—We establish a fundamental 
lemma. Let (2, ..., 2,) and (yj, ..., Yn) be Euclidean coordinates in FE and &, re- 
spectively. Let J be the mapping of F onto © under which y; = x; 7 = 1,..., ". 
We define a sense index ¢(@) = +1 in an obvious way, and say that ¢ is sense pre- 
serving if o(@) = 1. 

LeMMA 3.1 (7). Given a sense preserving C"-diff. @ of S,-1 orto M ,»-1,m > O, 
and an arbitrary point Q of S,_., there exists a C"-diff. f of © onto © such that fo is a 
sense preserving C-diff. of S,—, ontof (M,—1), and such that, for some neighborhood N 
of Q relative to S,—, 





(fo)|N = I\N. 


(ii). There also exists a sense preserving C”-diff. g of © onto &, such that gd is a 
sense preserving C*-diff. of S,—, onto g(M,—1). 

Let (1,) and (Lz) be two classes of problems related to the Schoenflies problem. 
We say that the class (1) is effectively mapped into the class (L2), if to each problem 
L, « (L;) there corresponds at least one problem L» ¢ (Lz) such that the existence of 
a solution of LZ, implies a solution of L;. We shall identify (1,) with the class of 
problems: given ¢@ in Theorem 1.1, to find Ag. In Section 4 we shall define a class 
of problems into which (Z;) can be effectively mapped. 

4. Problems of Type K,—Let K be the n-cube in E, 


(—1 Sz; = 1) Ged 2) 


and K its interior. Set K (x, =0) =k. The set K — k is the union of two dis- 
joint open subsets A’ and K” on which x, < 0 and x, > 0, respectively. Let G and 
B be compact subsets of K such that B 3 G. Let w be a C”-diff. of K — G into K 
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which reduces to on K — B. Let d be so small a positive constant that the subset 
H of K on which x, >d includes G. Set 


H’ =H a K’, H”’ =H a K"; 7 =Go kK’, G’ =G an K”. 


Subsets of &: Setting [IK = & and w(k) = f, note that R — fis the union of two 
disjoint open sets, R’ and R”, distinguished by the conditions, 


I(K’ — B) ce &’, I(K” — B) c R&R". 


Introduce the subsets © = GW’ u G", H = H vu H" of &, where 
S’ = &’ — w(K’ — A’), H” = R” — w(K” — H”), 
GW’ = © — wo(H’ — G’), @" = 9” — w (H’” — G"). 


A problem of type K is determined by the sets G and B, the mapping w, and the 
constant d; it is to find a mapping \,, which satisfies the following lemma. 

LemMa 4.1. There exists a Co*-diff. of H’ onto ’ such that for some compact 
subset 2 of H’, with > G’,\,(p) = w(p) for pe H’ — Q. 

Lemma 4.2. The class (L;) of Schoenflies problems defined by Theorem 1.1 can be 
effectively mapped into the class of problems of type K. 

The Composite n-Manifolds X and X.*—Let R be a radial transformation of E 
onto £ in which a point (x) has an image (y) such that 2y, — 16 = x; — 8,23, = 2, 
r=2,...,n. The point P = (8,0,..., 0) in £ is fixed under R. Let ® be simi- 
larly defined on ©, with fixed point $B. Let w be extended in definition by setting 

w R’'(p) = R a(p) (pe K — G). 
Let X and X* be composite sets, defined as is Y in Section 2, 
sented in the form, 


X = (M,M, uw, W, WI, X* = (M*, M*, w*, W*, W*] 


‘canonically repre- 


setting 
fir == u RH — G), W = u wv (HS — GB), 
r=0 r=0 
[av =E-P- u R'(G), mM = u WD), 
rut rm 
= 


pw* = H’ - GC’, We = H' — VW’, 
iM*=E-P-@, M* = H', 

and » = wW, u* = wW*. We show that X and X* are n-manifolds with C”- 

structures as defined in Section 2. 

The C@-diff.sandt: Let m, mand m*, m* be -mappings associated, respectively, 
with X and X*, as in Section 2. We prove that there exists a C*-diff., t of X onto 
 — 8, defined by the conditions, 

0) [pe R'(K — G)], 
0) [qeR'(H)], 


(t m)(p) = a(p) (r 
(t m2)(q) = q (r 


IIV_IIV 


and by the supplementary condition that (¢ m:)(p) = /(p) for all p « M for which 
(t m1)(p) is not already defined. We further define a C~-diff. s of X onto X*, utilizing 
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a C*-diff. T of E onto £. The mapping T is characterized as follows. Let Int Z 
denote the smallest product of n subintervals of the respective coordinate axes of 
which contains a bounded subset Z of FE. Let u be the identity map of E. We de- 
fine T so that 

T\|H” = ulH’, T\H’ = RH’, 

RT(K) n T(K) =0, —-T(K) ¢ Int [K u RK], 
and so that under 7 the sign of the coordinate x, remains invariant. 

Lemma 5.1. The mappingk = st~' lisa C*-diff. of E — P onto X*. 

6. Solution of a Problem of Type K.—Let D be an n-interval in E£, geometrically 
similar to H’, containing P, and with the vertex (a) in common with H’ (a; = —1; 
i= 1,...,n). Let D, > G’ beasecond n-interval, geometrically similar to H’ and 
D, with vertex (a), and with H’ > D,. Note that D > D,. We define a C°-diff. 
a of D onto H’, which leaves D, pointwise invariant. The open subsets 


X = [M* n D, M*, X*), Y = [H’ -— @’, 9’, X*], 
of X* are introduced, and proved to be u*-represented. The point a(P) is in H’ — G’ 
and the point Q = m*{a(P)|isin Y. With the aid of a, a C*-diff. D of X onto Y — 
() is defined. The map 
p > (r.*)—'[D(k{a~'(p) |) ] [pe H’ — a(P)} 


defines a C-diff. of H’ — a(P) into 9’ and, if completed by mapping a(P) > w[a(P) | 
is a Co” -diff. \,, of H’ onto ’. 

THEOREM 6.1. Each problem of type K has a solution, thereby implying a solution 
of an arbitrary Schoenflies problem in Theorem 1.1. 

1 Barry Mazur, “On Imbedding of n-Spheres,’’ Bull. Am. Math. Soc., 9, 1958 (to be published). 


2 Georges de Rham, Variétés différentiables (Paris: Hermann et Cie., 1955). 
3 André Lichnerowiez, Théorie globale des connexions et des groups d’holonomie (Paris: Dunod, 


1955). 
4 John Milnor, “On Manifolds Homeomorphic to the 7-Sphere,” Ann. Math., 64, 399-405, 1956. 


TRANSFORMATION OF BIOCHEMICALLY DEFICIENT STRAINS OF 
BACILLUS SUBTILIS BY DEOXYRIBONUCLEATE 


By JoHN SpizizEN* 


DEPARTMENT OF MICROBIOLOGY, WESTERN RESERVE UNIVERSITY SCHOOL OF MEDICINE, 
CLEVELAND, OHIO 


Communicated by Harland G. Wood, August 4, 1958 
INTRODUCTION 


The experimental transfer of genetic characters by deoxyribonucleate (DNA) 
represents a powerful technique for the investigation of nucleic acid function at 
the molecular level.! The present study was initiated to obtain new microbial 
systems in which transformation of specific biochemical factors could be readily 
studied. By employing germinating spores of nutritionally deficient strains 
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of Bacillus subtilis, it was found that DNA isolated from a wild-type strain can 
transform these bacteria to nutritional independence. These new systems provide 
simple models for the study of the mechanism of genetic determinations and the 
biochemical control of enzyme synthesis. 


METHODS 


Strains of B. subtilis—The strains of B. subtilis were obtained from Dr. Charles 
Yanofsky and originated from a collection of Burkholder and Giles? at Yale Uni- 
versity. 

Wild-type B. subtilis 23° was employed for the isolation of transforming DNA. 
The following strains of nutritionally deficient B. subtilis were used as recipients 
for the transformation studies: 


Strain No. Growth Requirement 
168 L-Tryptophane, or indole 
166 L-Tryptophane, indole, or anthranilie acid 
122 Nicotinic acid 


Preparation of Spores.—Potato agar medium used for the preparation of the 
spores of the recipient strains was prepared as follows: 200 gm. of peeled, chipped 
potatoes were boiled in 1 liter of tap water, filtered through cotton, and, after the 
addition of 5 mg. of manganese sulfate, the pH was adjusted to 6.8. The volume 
was then adjusted to 1 liter with tap water, 15 gm. of Difco agar was added, and 
the medium was autoclaved at 15 lb. pressure for 15 minutes. 

Cultures (from nutrient agar slants) were heavily streaked on potato agar slants. 
The latter were incubated at 37° C. for 7 days and then refrigerated at 4° C. for 
at least 7 days. Spores were also prepared by growth on Difco Tryptose-Blood 
Agar Base slants for 3 days at 37° C. 

Isolation and Purification of DNA.—DNA was isolated from cells of B. subtilis 
23 grown with shaking at 37° C. in Difco Penassay broth for 18 hours. The packed 
cell sediment (from Sharples centrifugation) was disintegrated in a modified Hughes 
Press* ® which had been cooled to —20° C. The crushed frozen paste was sus- 
pended in cold 0.1 MW sodium chloride solution containing 0.05 M sodium citrate 
(approximately 10 ml. for each gram of wet cells) by homogenizing with a Ten 
Broeck glass homogenizer. The resulting viscous suspension was centrifuged at 
30,000 X g. for 20 minutes at 0° C., and the supernatant was discarded. The 
sediment was then washed with cold 0.1 J sodium chloride and 0.05 M sodium 
citrate solution, and then was suspended in cold 2 M sodium chloride solution. 
After agitation with a magnetic stirrer at 4° C. for 30 minutes, the suspension was 
centrifuged at 20,000  g. for 20 minutes. The supernatant liquid was slowly 
added to 2.5 volumes of cold 95 per cent ethanol, and the fibrous precipitate was 
rapidly removed with hooked stirring rods to avoid contamination by the subse- 
quent fine precipitate. The fibers were dried by suction on a filter-paper pad on a 
Buchner funnel. 

The dried fibers were suspended with the aid of a glass Ten Broeck homogenizer 
in cold 2 M sodium chloride solution. The following procedures were employed 
to remove the protein still associated with the DNA at this stage: After 18 hours 
at 4° C., sodium lauryl sulfate was added to a concentration of 0.5 per cent, and 
after 10 minutes at room temperature the suspension was chilled in an ice bath and 
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centrifuged at 4° C. at 2,500 X g. for’10 minutes. The supernatant fluid was 
then shaken with an equal volume of a chloroform-octanol (5:1) mixture for 15 
minutes at room temperature and centrifuged at 2,500 X g. for 5 minutes. The 
aqueous layer was carefully aspirated from the whitish, gelatinous interface. The 
extractions with chloroform-octanol were repeated until no gelatinous interface 
could be observed, which usually required seven extractions. 

The DNA was then precipitated as fibers from cold 80 per cent ethanol, dried 
on sterile filter paper on a Buchner funnel under suction, and restored in sterile 
2 M sodium chloride solution. Most of the transformation studies reported in 
this communication were performed with the preparations purified in this manner. 
Sterility of the DNA preparations was essential in the transformation studies, and 
it was found that this was insured by the sodium lauryl sulfate and chloroform- 
octanol treatments. 

For estimating components of the DNA preparations, the following procedures 
were employed. Protein determinations were made by the Folin-Phenol method 
of Lowry,® 7 using crystalline bovine albumin as standard. DNA was estimated 
by the diphenylamine reaction as modified by Burton,’ using a thymus DNA 
preparation as standard. Ribonucleic acid was estimated by the orcinol method,’ 
using d-ribose as standard. 

Assay Procedure.—A sterile glucose minimal medium of the following composition 
was employed in the transformation studies: 


Per Cent 
Ammonium sulfate 0.2 
Dipotassium ppeceiote 1.4 
Monopotassium phosphate 0.6 
Sodium citrate (2H,O) 0.1 
Magnesium sulfate (7H:O) 0.02 
Glucose 0.5 


The glucose was sterilized separately and added aseptically. 

Spores of the auxotrophs from potato agar slants were suspended in glucose- 
minimal medium at concentrations of approximately 10° spores/ml, as determined 
by viable counting on Difco Heart Infusion Agar plates and by direct microscopic 
examination. The suspensions were heated at 60° C. for 5 minutes (to activate 
the spores for germination and to inactivate vegetative cells) and then were diluted 
tenfold in glucose-minimal supplemented with 0.01 per cent Difco yeast extract 
(2.5 ml/tube). In transformation experiments wild-type donor DNA was then 
added to this medium. Controls were run without DNA as well as with DNA 
treated with deoxyribonuclease” (DNAase; 2-20 ug/ml + 0.005 M magnesium 
sulfate for 30 minutes at 37° C. prior to addition to the glucose minimal). The 
tubes were incubated at 37° C. on a reciprocal shaker. At suitable intervals, 
2-20 ug. DNAase and magnesium sulfate to give a concentration of 0.005 M were 
added and 0.1-ml. aliquots plated on glucose-minimal agar for detection of nutri- 
tionally independent transformants. In instances where additional substances 
were present which could support the growth of the auxotroph, the suspensions 
were washed with sterile 0.5 per cent sodium chloride solution before plating. 


RESULTS 


Demonstration of DNA Transforming Activity —When suspensions of spores of 
the indole-requiring B. subtilis 168 were incubated with sterile preparations of 
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DNA isolated from B. subtilis 23, transformation to organisms no longer requiring 
indole for growth was observed. The transformation to indole independence is 
completely prevented by treatment of the donor DNA with 2 ug/ml or more of 
crystalline DNAase in the presence of Mg ions. Spontaneous reversion to non- 
requirement has never been observed with this strain, (i.e., in the absence of DNA 
from a ‘‘wild-type” donor). DNA isolated from strain 168 or from a number of 
Escherichia coli strains is inactive. As little as 2 K 10~* wg. DNA per ml. (isolated 
from strain 23) produces transformation, and the number of transformants is a 
function of the quantity of DNA employed. 

The DNA isolated from transformed cells derived from strain 168 was found to 
be more effective in transforming strain 168 to indole independence than the DNA 
derived from strain 23. Thus in the former as little as 2 K 10~* we. DNA per ml. 
had transforming activity. This represents an increase in specific activity of at 
least tenfold over that with DNA derived from strain 23. 

Table | presents data from a typical experiment in which a suspension of 5 X 107 


TABLE 1* 
TRANSFORMATION OF B, subtilis 168 (INDOLE-) By DNA From WIiLp Type 
Transformants 
(= Colonies on 
Minimal Agar 
DNA per ml.) 
(ug/ml) (x 102) 
20 7,000 
2 4,700 
0.2 2,800 
0.02 480 
0.002 26 
0.001 12 
0.0005 5.9 
0.00025 2.7 
0.00012 1.0 
0 0 
20 (+ DNAase 2 wg. + 0.005 M Mg) 0 


* Experimental Conditions.—B. subtilis 168, 3-day growth on Tryptose 
Blood Agar base suspended with shaking 4 hours at 37° C. in glucose-mini- 
mal medium containing 0.1 per cent Bacto yeast extract. Then centrifuged 
and resuspended in glucose-minimal medium containing 0.01 per cent yeast 
extract and DNA (DNA isolated from wild-type B. subtilis strain, produced 
by transformation of strain 168 with DNA from strain 23, deproteinized by 
chloroform-octanol extraction; RNA was not removed from this prepa- 
ration) at various levels. The latter incubation was at 37° C. for 1 hour 
with shaking. 20 wg. of DNAase was added, and the Mg** concentration 
was brought to 0.005 M. Aliquots were plated on the minimal-glucose agar 
medium. Colonies were counted after 24 hours. Total number of cells 


as determined by plating on complete medium = 5 X 107/ml. 


cells per ml. of strain 168 were incubated with graded doses of DNA isolated from 
a wild-type strain. 

Similar results have been obtained with recipient germinating spores of strain 
166, which requires anthranilic acid, indole, or tryptophane for growth, and with 
those of strain 122 which requires nicotinic acid. 

Requirements for Transformation.—Although transformation of strain 168 could be 
obtained in a completely defined medium (the glucose-minimal medium), the activity 
of the DNA was greatly enhanced by the addition of 0.01 per cent Bacto yeast 
extract (Difco) (Table 2). The active component(s) in yeast extract has not 
been identified as yet. The yeast extract supplement could not be replaced by 
any of the known vitamins or ribonucleotides found in yeast. 

Bovine serum albumin, known to be required in Pneumococcus transformations, '! 
is inhibitory, even in the presence of yeast extract. 
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TABLE 2 
STIMULATING Errect oF YEAST EXTRACT ON TRANSFORMATION 
Minimal Cone. of 
B. subt(lis 23 DNA 
Required for 
Transformation 
of Strain 168 


Addition to Glucose Minimal Medium (18 hr., 37° C.) 
None 2 ug/ml 
+ 0.01 per cent yeast extract (Difco) 0.002 ug/ml 
+ 0.01 per cent yeast extract + 0.04 per cent 
bovine serum albumin 0.: 2 ug/ml 
+ 0.5 per cent easein hydrolyzate 2 ug/ml 


Purification of DNA from B. Subtilis 23.—Analysis of the isolated fractions for 
DNA, protein, and RNA revealed that a combination of sodium lauryl sulfate 
precipitation and chloroform-octanol extractions was required for removal of pro- 
tein to approximately | per cent or less of the DNA (Table 3). 


TABLE 3 
FRACTIONATION OF B. subtilis 23 DNA 


DNA Protein RNA 
Fraction (ug/ml) (ug/ml) ug/ml) 
I. First alcohol precipitate restored in 2 MW NaCl 700 1,500 
II. Supernatant fluid from sodium laury! sulfate treatment 600 400 300 
III. Second alcohol precipitate restored in 2. NaCl (after 7 
chloroform-octanol extractions ) 600 <10 320 
IV. Fraction ITI treated with RN Aase (50 ug/ml), alcohol pre- 
cipitated, and restored in 2 M NaCl solution 600 <10 <10 


It can be seen from Table 4 that protein removal increased the activity 100- 
1,000 fold. This is somewhat surprising, since protein removal would presumably 
make the DNA more susceptible to cellular DNAase. On the other hand, protein 
removal may produce a smaller molecular species more readily able to penetrate 
the recipient cells. 

Removal of RNA could be achieved by ribonuclease treatment (50 ug/ml of 
crystalline Worthington ribonuclease, 30 minutes, 37° C.) followed by alcohol 


TABLE 4 
TRANSFORMING AcTivITIES OF B. subtilis 23 DNA Fractions 


Minimal Cone. of 
DNA Required for 
Transformation of 
Strain 168 (ug/ml) 
C.) 


Fraction (18 hr., 37° 
I. First alcohol precipitate restored in 2 M NaCl 0 2 -2.0 
III. Second alcohol precipitate restored in 2 M NaCl 
(after 7 chloroform-octanol extractions) 0.002 
IV. Fraction III treated with RNAase, precipitated 
with alcohol and restored in 2 M NaCl 0.02 
IV. + RNA fraction* 0.004 


* The RNA was obtained as follows: Fraction III (5 ml. containing 600 ug/ml 
DNA) was treated with 50 ug/ml of crystalline DNAase and 0.005 M MgSO; for 
30 minutes at 37° C., followed by the addition of 0.01 M sodium citrate. Cold 
ethanol was added to give a concentration of 70 per cent. A fine precipitate 
formed, which was collected on filter paper and was restored to the original 
volume with 2 M NaCl solution. This preparation was found to contain all 
the RNA originally present as determined by the orcinol reaction, but no DNA. 
The amount of RNA added to Fraction IV was equivalent to the original quantity 
present. 


precipitation. Norite treatment!? did not remove this RNA fraction, which may 
be closely associated with the DNA. 
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The presence of an RNA component appears to have potentiating activity. Its 
complete removal, i.e., after alcohol precipitation following ribonuclease treatment, 
lowers the biological activity of the DNA preparation approximately tenfold. This 
loss in activity can be partially restored by the addition of the RNA fraction (see 
Table 4). 

Stability of the DNA.—The transforming activity of the purified DNA appears 
to be very stable in 2 WV sodium chloride solution at 4° C. Reproducible activity 
has been observed over a period of months. Approximately 99 per. cent of the 
transforming activity was destroyed by storage in dilute sodium chloride (0.1 M) 
at 4° C. for 2 days. ; 

Transforming activity of purified DNA in 2 M NaCl is reduced to the extent 
of 99.9 per cent of the original by slow freezing at —20° C. and subsequent thawing 
at 37° C. On the other hand, marked stability to heat has been observed. When 
heated at 70° C. for 30 minutes, the minimal quantity of DNA capable of effecting 
transformation remained unchanged, but the number of transformants produced 
with any given quantity of DNA was reduced. 


DISCUSSION 


The present studies have demonstrated the transformation of biochemically 
deficient strains of Bacillus subtilis to nutritional independence by deoxyribo- 
nuclease-sensitive deoxyribonucleate isolated from a ‘‘wild-type”’ strain. Spores 
of the auxotrophs when allowed to germinate in a minimal medium containing 
glucose and 0.01 per cent of an autoclaved yeast extract could be readily trans- 
formed with as little as 2 K 1074 we DNA/ml. Little or no transformation oc- 
curred with the auxotrophic recipient vegetative cells actively multiplying in 
nutrient medium. The results obtained suggest that germinating spores may be 
particularly susceptible to transformation with DNA, possibly at a particular 
growth stage in which the cell wall is still incomplete. The DNA may be diverted 
in mature vegetative cells by combination with cell-wall components, such as the 
free amino groups of hexoseamines, diaminopimelic acid, ete. The observed 
presence of a DNA slime layer surrounding the cell walls of a number of bacterial 
species'*—!* supports this view. 

The possibility that cell wall removal could allow the transfer of DNA has been 
explored by a number of workers. Disrupted T, virus which cannot infect intact 
cells will do so if the cell wall components are removed as in protoplasts."°~" 
Chargaff et al."° have reported the transformation of a lysine-requiring mutant of 
Escherichia coli, strain W, by the use of protoplasts of this organism and a fraction 
containing DNA from the wild-type strain. The small number of transformants 
observed may be due to poor survival as a result of the osmotic fragility of proto- 
plasts and the complexities of cell-wall resynthesis. Lederberg and St. Clair," 
however, have also attempted transformation of protoplasts of a number of mutants, 
but without success. 

The activity of donor DNA appears to be increased by a ribonucleic acid (RNA) 
moiety closely associated with the DNA. One possible mechanism by which the 
RNA exerts this effect may be its activity as a specific inhibitor of deoxyribo- 
nuclease. !** 7°. 2! 

Of considerable interest is the large increase in activity of transforming DNA 
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achieved by protein removal. The protein remaining after detergent treatment is 
apparently closely associated with the DNA and may prevent easy entrance into 
the recipient cells by maintaining a large molecular complex. 


SUMMARY 


Three auxotrophic mutants of B. subtilis have been transformed to nutritional 
independence with deoxyribonucleate (DNA) isolated from a wild-type B. subtilis, 
strain 23. As little as 2 & 10-4 ug. of DNA effects transformation of heat-treated 
spores allowed to germinate in a glucose-minimal medium. The number of trans- 
formants produced is directly related to the quantity of DNA added and trans- 
formation is prevented by treatment with deoxyribonuclease. The specific activity 
of the donor DNA is increased by removal of protein, and it also appears that a 
ribonucleate fraction, closely associated with donor DNA, enhances transforma- 
tion activity. An unidentified factor in yeast extract also appears to be required 
for efficient transformation. The effective DNA is relatively labile to freezing 
and storage in solutions of low ionic strength but is relatively stable in 2 M NaCl 
solutions. 

I am indebted to Dr. Charles Yanofsky of Stanford University for his stimulus 
and advice in the initiation of this investigation, and to Dr. Howard Gest for 
valuable discussions in the course of the study. 


* This work was performed under Contract No. AT(30-1)-1045 with the Division of Biology 
and Medicine of the Atomic Energy Commission and was supported by a Senior Research Fellow- 
ship (SF-97) from the United States Public Health Service. 

' 4 Symposium on the Chemical Basis of Heredity, ed. W. D. McElroy and B. Glass (Baltimore: 
Johns Hopkins Press, 1957). 

2 P. R. Burkholder and N. H. Giles, Jr., Am. J. Botany, 34, 345, 1947. 

3 B. subtilis 23 grows on glucose-minimal medium supplemented with 1-threonine. 

* D. E. Hughes, Brit. J. Exptl. Path., 32, 97, 1951. 

5 H. Gest and A. Nordstrom, News Letter, Soc. Am. Bact., 22, 15, 1956. 

6 After correction for color equivalent of deoxyguanylic acid. 

70. H. Lowry, N. J. Rosebrough, A. L. Farr, and R. J. Randall, J. Biol. Chem., 193, 265, 1951. 

8 K. Burton, Biochem. J., 62, 315, 1956. 

®G. Ashwell, in Methods in Enzymology, Vol. II p. 700 ed. 8S. P. Colowick and N. O. Kaplan 
(New York: Academic Press, 1957), Vol. III p. 87. 

” Worthington crystalline. 

11 M.S. Fox and R. D. Hotchkiss, Nature, 179, 1322, 1957. 

128. Zamenhof, in Methods in Enzymology, ed. S. P. Colowick and N. O. Kaplan (New York: 
Academic Press, 1957), Vol. III, p. 700. 

13 W. R. Smithies and N. E. Gibbons, Can. J. Microbiol., 1, 614, 1955. 

18° B. W. Catlin, Science, 125, 441, 1956. 

147, Takahashi and N. E. Gibbons, Can. J. Microbiol., 3, 687, 1957. 

1 In recent experiments (unpublished) we have resolved these preparations into two com- 
ponents, a DNA fraction and a specific protein fraction, by ion-exchange chromatography. Phage 
formation in protoplasts can be obtained by combination of these fractions. 

16 J, Spizizen, these PROCEEDINGS, 43, 694, 1957. 

7 [), Fraser, H. R. Mahler, A. L. Shug, and C. A. Thomas, Jr., these PRoCEEDINGs, 43, 939, 
1957. 

8. Chargaff, H. M. Schulman, and H. 8. Shapiro, Nature, 180, 851, 1957. 

19 J. Lederberg and J. St. Clair, J. Bacteriol., 75, 143, 1958. 

*” A. W. Bernheimer, Biochem. J., 53, 53, 1953. 

21 .. M. Kozloff, Cold Spring Harbor Symposia Quant. Biol., 18, 209, 1953. 











THE APPLICATION OF THE FICK PRINCIPLE TO THE MEASUREMENT 
OF PULMONARY BLOOD FLOW* 


By H. W. Fritts, Jr., AND A. CouRNAND 


DEPARTMENT OF MEDICINE, COLLEGE OF PHYSICIANS AND SURGEONS, COLUMBIA UNIVERSITY, 
AND CARDIO-PULMONARY LABORATORY (COLUMBIA UNIVERSITY DIVISION), BELLEVUE HOSPITAL, 
NEW YORK 


Communicated August 4, 1958 


The Fick! method is fundamentally sound and under ideal conditions should 
exactly measure the pulmonary flow. But under experimental conditions its ac- 
curacy is less certain, and an assessment of this accuracy is the purpose of this 
report. 

THEORETICAL BACKGROUND 

The Fick method is based on the principle that the volume of oxygen entering the 
pulmonary capillaries equals the volume of oxygen gained by the flowing blood. 
When these volumes are expressed in terms of time, the following equation is ob- 
tained: 


Vo) = QoHColt) — QAOC KH, (1) 


where Vo,(t) = instantaneous rate of oxygen uptake by the capillaries, Q,(t) = 
instantaneous rate of blood flow from the capillaries, Q,(t) = instantaneous rate of 
blood flow into the capillaries, Co(¢) = instantaneous concentration of oxygen in the 
blood flowing from the capillaries, and C(t) = instantaneous concentration of 
oxygen in the blood flowing into the capillaries. 

An important feature of this equation is that it can be solved for a single value of 
flow only if Qo(t) = Q,(t). Hence, when 


Q(t) = Qi) = QOH, 
then 
Vo,(t) = QO [CoO — Cid) 
and 


Vo,(0) 


Si ; (2) 
[(Co(t) — C(t) } 


Q(t) 


By integrating this equation, the average flow, Q,,, during any finite period, 7’, 
can be obtained thus: 


l f l {3 V o2(t) ] 
Qs Q(t)dt = . dt. 
d T Jo a) T Jo UC(t) — Coe 
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For the derivation of equations (2) and (3) it is only necessary that Qo(¢) and Q,(¢) 
be equal. But for their application it is also necessary that the following condi- 
tions should be met: 

1. The volume of blood in the capillaries should be constant, and the entering 
oxygen should be instantaneously and homogeneously mixed with the blood. 

2. All particles of blood should traverse the capillary bed in zero time. 

3. There should be means for continuously measuring (a) the rate at which 
oxygen enters the capillaries and (b) the concentrations of oxygen in the blood enter- 
ing and leaving the capillaries. 

Under these conditions, the instantaneous flow could be followed by continu- 
ously solving equation (2), while the average flow could be calculated from equa- 
tion (3). 


POTENTIAL SOURCES OF ERROR 


In practice, each of the specified conditions is compromised. The principal 
difficulty stems from the fact that the variables must be measured at sites remote 
from the capillary bed. The time delays thereby introduced vitiate the calcula- 
tion of instantaneous flow and render the calculation of average flow complex. 

This complexity is caused primarily by the following factors: (1) the necessity 
for measuring the oxygen uptake at the mouth, (2) the impossibility of measuring 
the variables instantaneously, and (3) the uncertainty of the relationship between 
(Jo(t) and Q,(t) at the points where blood is sampled. The importance of these 
factors will be considered next. 

Necessity for Measuring Oxygen Uptake at the Mouth.—The rate at which oxygen 
enters the capillaries must be estimated from the rate of oxygen uptake at the 
mouth, an undesirable procedure since it is doubtful that these two variables are 
instantaneously equal. Even the equality of the average values is uncertain, since 
the lungs constitute a reservoir in which oxygen can be temporarily stored or lost. If 
storage or loss occurs during the period of measurement, the uptake will no longer 
equal the rate of entry into the capillaries, and an error will be introduced into the 
calculated flow. In the basal subject, this error is probably unimportant, par- 
ticularly if the period of measurement is much longer than the time of a single 
breath. But the error may become important in any experiment in which either 
the mean lung volume or the composition of the alveolar air is altered. In such an — 
experiment, it is essential that the uptake be measured only after these variables 
have reached a new steady state. 

Impossibility of Measuring the Variables Instantaneously.—The blood concentra- 
tions of oxygen are necessarily determined from samples collected over a finite 
period. Visscher and Johnson® have called attention to an error which may thus 
be introduced. This error is best explained by using an example. 

Let us assume that during a finite interval the average rate of oxygen absorption 
is measured at the capillary bed. Let us also assume that blood is sampled from 
the ends of the capillaries by withdrawing the plungers of two sampling syringes at 
the same constant rate. By analyzing these specimens, the data necessary for the 
usual Fick calculation are obtained. This calculation is expressed in general terms 
thus: 
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1/T fo Vo,(t)dt “3 So Vo,(t)dt 
1/TSo' Co(t)dt — 1/TSC (dt — So" (Colt) — Cb) Jat’ 
Although equation (4) presumably measures the average flow, it is obviously dif- 
ferent from equation (3). Hence the question arises as to whether Qri-x and Q,, 
are equal. This question can be answered by equating (4) and (3) and deter- 
mining the conditions necessary for identity. Thus 


So’ Vo,(bdt fy Vo,(t) oF e 
Ti Y hay 7" 7 ’ ’ ( t. (9) 
So’ (Colt) — C(t) |dt = T Jo UCo(t) — Cyt) 


O Pick _ (4 ) 


The expressions are obviously dissimilar, but it can be shown that an identity is 
established when either |Vo2(t)/[Co(t) — C,(t)} or [Co(t) — C,(t)] is constant. 

Stow® approached the sampling problem in a different way by directing attention 
to the fact that when blood is collected at a constant rate from a vessel in which 
the flow is varying, the concentration of oxygen in the syringe will not always equal 
the concentration of oxygen in the volume of blood passing the sampling site. He 
illustrated the point by writing expressions for the two concentrations: 


me TT pa T 
i. /TSo ” (dt _ 4 oe (6) 
1/Tfo! Fat T Jo 


and 


ATS KQOC(Hdt = fh Q(HC (Hat - 
C,= ape = 2 
1/Tfo' K Q(t)dt So Q(Hadt 


where C, = concentration of oxygen in the blood in the syringe; C, = concentra- 
tion of oxygen in the volume of blood passing the sampling site; F = constant = 
rate at which blood is sampled; and A, = constant = factor relating the rate of 


sampling to the rate of intravascular flow. Each of these relations can be expanded 


~ 


into an expression for the arteriovenous oxygen difference (A — V). Hence 
, l pri , 
(A — V), = ve [Co(t) — C(t) ldt, (8) 
T ’ 
2 Q(t) (Col — C(t) |dt 
(A — | ), _ So Q [ 7 | (9) 
So Q(t)dt 


Again, as indicated for equations (3) and (4), it can be shown that these expres- 
sions will be equal and the error obviated whenever the flow is constant or the 
arteriovenous oxygen difference is fixed. 

These considerations bring an important. question into focus. If the measured 
average oxygen uptake were reliable and if it were possible to obtain blood samples 
in a manner whereby the collected volumes were proportional to the intravascular 
flow, could the average pulmonary flow be calculated, regardless of the variation of 
Voo(t), Cot), and C,(t)? The question can be answered by determining whether 
the flow (Qricx) calculated under these conditions would equal equation (3). Thus 


1/TSo' Vo,(tdt 


[es eo) eel (10) 
1/TSy' K .Q(tdt 1/TSo' K .Q(tdt 


Qv ick = 
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When equation (10) is simplified and set equal to equation (3), the following ex- 
pression is obtained: 


1/TSo' Vo,(t)dt Pe. Vo ia, 
0 


p HQC) — COMA TIo UCM) — COW 


' So Q(bat f 
But, since 
Vo,(t) 
O(t) = . - 
2( [(Cyo(t) — Cb] 
then 
1/TSo' Vo,(tdt 17s Volt) -) . 
rT —— — ae 4a seems : > at, 
J TJo UC) — CONS 
J o,(t) Lic ~ C(t) \at 0 t[Co(0) t) | 
0 (Celt) — C(t)] 
ee Re 
<— > dt 
o (Cot) — CoS 
whence 
Be ee Vo,(t) if Vo,(t) 
) ; lit = ) > dt. (11) 


T Jo. [Cyo(t) — C(O |F T Jo UCod) — C(t) |f 


Thus, since equation (11) indicates that equations (10) and (3) are equal, the 
average pulmonary flow could be calculated regardless of variations in oxygen up- 
take, blood oxygen concentrations, or flow, provided, first, that the average oxygen 
uptake could be reliably measured and, second, that a constant relationship be- 
tween the volume of blood collected and the rate of intravascular flow could be 
maintained. 

The Uncertainty of the Relationship between Qo(t) and Q,(t) at the Points Where 
Blood Is Sampled.—In the foregoing discussion, equation (3) has been considered 
to be a reliable expression for calculating average flow. But it must be remembered 
that this expression has as its basis the assumption that the instantaneous rates of 
inflow and outflow are equal. In view of the elastic nature of the vessels and the 
pulsatile character of the flow, the validity of this assumption is uncertain. It is 
probably more realistic to assume that Qo(¢) and Q,(¢) are not equal but that their 
averages over a prolonged period are the same. Hence it is worthwhile to consider 
whether in this circumstance the Fick principle can be used at all. 

The problem can be approached by rewriting equation (1) in terms of the finite 


interval, 7: 
WP 3 YF YF sg 
f Vo(dt = f Qo(HCo(Hdt — f Q (OC (tdt. (12) 
T Jo T Jo T Jo 


Further, the assumption that the average inflow and outflow are equal can be ex- 
pressed as follows: 


| T | T 
f Qo(t)dt = a) Qi(Hdt = Qa. (13) 
T Jo T Jo 
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An examination of these two equations makes evident an important fact. Equa- 
tion (12) is readily soluble only when Co(é) and C,(¢) are constant. In this cireum- 


stance, 
] . C ¥ cc ¢ 
Vo(bdt = | avod - | Q,(t)dt 
oA, o, {bye T Jo do(tdt tT Jo Jil bye 


and 


if 
.f Votdt = (Co — Cd)Qar, 
T Jo : 

whence 


ee, /T§o'Vo,tvat (14) 
() — C; 
where (y(t) = Cy = constant and C(t) = C; = constant. 

By comparing equation (14) with the usual Fick calculation, it is apparent that 
the two are identical when (y(t) = Cy and C,(t) = C;. Therefore, when the in- 
stantaneous rates of inflow and outflow are not equal but their averages are the 
same, the reliability of the Fick method is directly related to the constancy of the 
oxygen concentrations in the arterial and mixed venous blood. 


METHODS FOR MINIMIZING THE POTENTIAL ERRORS 


The problem faced in evaluating the Fick method is the same as that encountered 
in evaluating any method for measuring flow. This problem stems from the fact 
that, since flow cannot be measured directly in the intact animal, an alternative 
approach to the problem of evaluation must be employed. This approach consists 
of identifying the sources of error and assessing the extent to which each error can 
be minimized. 

From the analysis in the preceding section, it is evident that the accuracy of the 
Fick method depends chiefly on these conditions: (1) the exactness with which the 
oxygen uptake measured at the mouth reflects the rate at which oxygen enters the 
capillary bed; (2) the constancy of the concentrations of oxygen in the arterial and 
mixed venous blood; and (3) the extent to which the average outputs of the right 
and left ventricles determined over a finite period are the same. In addition, the 
accuracy also depends on the precision with which the samples of blood and gas 
are analyzed. 

To insure that these conditions are approximated, it has been previously sug- 
gested that the Fick method be applied only in the steady-state.*° This is par- 
ticularly important in experiments where either the subject exercises or his breath- 
ing mixture is changed. In both circumstances the composition of the alveolar 
air is altered, and during the period of readjustment the measured oxygen uptake is 
not a reliable index of the oxygen delivered to the blood. It is essential, therefore, 


that the gas exchange reach a steady level before the measurement is made. 

A related error may be introduced if the oxygen uptake measured at the mouth 
includes the oxygen involved in metabolizing lactic acid or other substances present 
in the blood traversing the vessels of the lungs. However, simultaneous measure- 
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ments of lactic acid in arterial and mixed venous blood samples collected under a 
variety of conditions have shown that this error can be dismissed.® 

The constancy of the oxygen concentration in the mixed venous blood has been 
studied by Wood, Bowers, Shepherd, and Fox.’ They found that the variations in 
oxygen concentration in the blood in the pulmonary arteries of basal subjects were 
small. During exercise, however, the variations were larger. These data are 
similar to those obtained in our laboratory by using a less elegant method to study 
the variations ia oxygen concentration in brachial arterial blood.’ The data sug- 
gest that, although the concentration of oxygen fluctuates, the fluctuations are 
small compared to a fairly constant mean. 

The equality of the average outputs of the two ventricles cannot be measured, but 
there is no evidence of a significant difference over a prolonged period of time. 
Here again, however, numerous stimuli may alter the distribution of the total blood 
volume and can presumably change the volume of blood in the lungs. But it 
seems improbable that under any but extreme conditions a large enough change 
would occur during the period of measurement greatly to affect the calculated flow. 

It is easier to evaluate the accuracy of the analyses of blood and gas samples. 
These analyses may introduce a maximum error of about 15 per cent. Thus it 
might be expected that the reproducibility of the measurement would be impaired 
by this factor, but in two early series of experiments from this laboratory two suc- 
cessive measurements agreed within 15 per cent in 98 of 100 basal subjects.* ™ 

Finally, the Fick method has been criticized because during acute hypoxia it 
has been found to yield a value which is much smaller than that measured with 
dye.'' But the measurements were made after only 5 minutes of severe hypoxia 
too soon, undoubtedly, for the establishment of a new steady state. In general, 
evidence of such unsteadiness is provided, at least in normal individuals, by (a) a 
difference between the oxygen uptakes and respiratory quotients measured in the 
eupoxic and hypoxic states, and (b) by a lack of constancy of the arteriovenous 
oxygen difference during hypoxia. 

We repeated the experiments under more nearly ideal conditions in 18 patients 
who were believed to have normal hearts and lungs. Each patient first breathed 
21 per cent oxygen in nitrogen and then either 12 or 14 per cent oxygen in nitrogen. 
With the 21 per cent mixture, all except one set of Fick and dye measurements 
agreed within 25 per cent. After 20 minutes of hypoxia, the measurements were 
repeated and, again with a single exception, agreed within these limits. 

Whereas it is reassuring to know that the Fick and dye-dilution methods give 
comparable results in a variety of circumstances, this does not establish the accu- 
racy of either. The pitfalls in the Fick method have been mentioned. The dye- 
dilution technique also has potential sources of error, and these are equally diffi- 
cult to assess. 

EFFECT OF ANASTOMOSES BETWEEN PULMONARY AND BRONCHIAL VESSELS ON 
CALCULATED VALUE OF FLOW 

The foregoing discussion emphasized the fact either that Qo(t) and Q,(t) must be 
equal or that their averages must be the same. We should like now to turn toa situ- 
ation where these conditions are not realized. Such a situation can arise when blood 
from the bronchial vessels enters the pulmonary circulation via anastomoses within 
the lungs. 
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To investigate this problem we developed a method whereby the outputs of the 
right and left ventricles could be separately estimated. In brief, the method en- 
tailed injecting dye into the right atrium while inscribing simultaneous dilution 
curves from the pulmonary and brachial arteries. It was presumed that the former 
curve could be used for calculating the output of the right ventricle, and the latter 
for calculating the output of the left. In 22 experiments performed on 11 patients 
free of cardiopulmonary disease, the two values agreed within 15 per cent. The 
average difference for the entire group was zero. 

With certain cardiopulmonary disorders, large anastomoses between the bron- 
chial and pulmonary vessels are said to occur. These disorders include bronchiec- 
tasis and any situation in which a major branch of the pulmonary artery is occluded. 
To investigate the possibility that blood entered the pulmonary vessels through 
these anastomoses, we inscribed from one to three sets of simultaneous dilution 
curves in each of 12 patients with bronchiectasis and in 1 patient whose left main 
pulmonary artery had been ligated on the occasion of a left lower-lobe lobectomy. 
Although in the patients with bronchiectasis a difference between the flows from 
the pulmonary and brachial arteries was not a consistent finding, in some of the 
patients the discrepancy was striking. On the average, the brachial arterial flow 
exceeded that in the pulmonary artery by 10 per cent. In the patient with the li- 
gated pulmonary artery, the output of the left ventricle was 20 per cent larger than 
the pulmonary arterial flow. 

We believe that these differences are best explained by the presence of anastomoses. 
With such anastomoses, the outputs of the two ventricles would be unequal, and 
reference to either “‘the pulmonary flow” or “the cardiac output’’ would be meaning- 
less. Thus the question arises as to whether the Fick method can be applied in 
this situation. The theoretical aspects of the problem can be examined by using 
the following hypothetical case. 

Let us assume that anastomoses between the bronchial and pulmonary vessels 
carry blood with an oxygen concentration of C,(¢) into the pulmonary circulation at 
the rate Q,(t). Let us also assume that Qog, = Qia» + Qoa, and that the oxygen 
concentrations in the different streams are constant. These last two assumptions 
are the same as those made in analyzing the Fick equation in the first part of this 
report. And, lastly, let us assume that the recirculated blood will be distributed 
among the pulmonary vascular pathways as is the blood from the pulmonary ar- 
tery. On these premises, equation (1) can be rewritten as follows: 


f Vo(idt = f Qo(Co(Hdt — . f QfOC (dt — — [ Q,(OC,(bdt. 
T Jo : T J0 T Jo T Jo 


But, when the blood concentrations of oxygen are constant, then 


| { Vo(tdt = Co fio war — fecoa cf Q,(t)dt 15) 
T 0 O2\ _— T 0 do at — T 0 iLO)G T dn al, ( 0 


where C,(t) = Co = constant, C,(t) = C; = constant, and C,(t) = C, = constant. 
Further, on the assumption that Qoa, = Qias + Qoavs 


1 T T T 1 T 
T f Qo(i)dt = f Q,(t)dt + ah (),(t)dt, (16) 
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and, substituting equation (16) in equation (15), 


eh ae BP eink S&S a wd 
7 f Vo,(t)dt = od & f Q,(t)dt + 7 f Ott - of f ub _ 
17 i: 
ol 7 f Osco (17) 


l T 
T f Vo,(ddt ~x CoQ iav + CiQvav ag C Qiaw a CrQoav- 


from which 


When equation (17) is rewritten in familiar symbols and when both members are 
divided by (C, -- C;), the expression shown below is obtained: 


aaey 
celia 


la— | \C-QRVar + CQvav ] CQRVa, ~ CrQract 


Ge a C; 
or 
1/TSo" Vo,(t)dt C.-C 
/ Be = pa = Qrv + bean (18) 


where C, = concentration of oxygen in the arterial blood, C; = concentration of 
oxygen in the mixed venous blood, C, = concentration of oxygen in the bronchial 
blood entering the pulmonary vessels, Qgya, = average rate of flow from the right 
ventricle, and Q,,, = average rate of flow through the anastomoses. 

But the left-hand member of equation (21) is the usual Fick calculation when 
the blood concentrations of oxygen are constant. Hence 





C.-C, 
Qrick = QRvav + KE =| Qvar (19) 

Inspection of equation (22) indicates that, under the specified conditions, the 
Fick measurement will include the flow from the bronchial+vessels only if C, = 
C;. Tf Cy < C3, Qrice will be larger than the output of the left ventricle, and if 
Cy > Cs, Qricz Will lie between the right and left ventricular flows. Finally, if C, = 
C,, the Fick will not measure the flow through the anastomoses at all. 

Fick measurements were also made in the subjects previously mentioned. The 
data indicated that in the normal subjects the Fick agreed within 20 per cent with 
both the pulmonary and the brachial arterial flows. Further, in the group of ab- 
normal subjects the agreement between the Fick and the right ventricular output 
was maintained. But in this latter group the flow calculated from the curve in- 
scribed at the brachial artery exceeded the Fick value by more than 20 per cent in 
5 of the 13 comparisons. These data suggest that the blood from the bronchial 
vessels has a higher saturation than that of the mixed venous blood. 

It must be emphasized that the methods are not precise and that the anastomotic 
flow is, in most instances, probably small. But it appears that the possibility that 
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such anastomoses carry blood into the pulmonary vessels is a real one and that in 
some cardiopulmonary diseases the Fick more nearly measures the pulmonary ar- 
terial flow. 


* This work was supported by a research grant (P.H.S. Grant H-2001 C) from the National 
Institutes of Health, Public Health Service, U.S.A. Paper to be read at the Symposium on 
Physiology of Circulation of the International Congress of Cardiology, Brussels, September 14-21, 
1958. 
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COCHLEAR POTENTIALS IN THE CAT IN RESPONSE TO 
HIGH-FREQUENCY SOUNDS* 


By Ernest GLen Wever, Jack A. VERNON, WALTER E. Rau, 
AND WILLIAM F.. STROTHER 


DEPARTMENT OF PSYCHOLOGY, PRINCETON UNIVERSITY 
Communicated July 18, 1958 


Partly because of its availability and partly because of its particular anatomy, 
the cat has been a favorite subject in auditory experiments for many years. Prob- 
ably its hearing is better known to us than that of any other animal except man. 
In the present experiments the study of cochlear potentials in the cat is extended to 
the ultrasonic frequencies, up to 100,000 cycles. A few earlier observations have 
indicated that these potentials are elicited by tones well above man’s upper limit 
of hearing,! but no systematic studies have been made. 

As is well known, the ultrasonic frequencies present particular difficulties of a 
technical nature. Because of their short wave lengths, their acoustic behavior 
differs from that of ordinary sounds in many respects, and their production, control, 
and measurement require special methods. For the generation of tones in the 
range up to 100,000 cycles we have made use of a solid dielectric condenser receiver.” 
For the measurement of sound pressures in this range we have extended the calibra- 
tion of one of our condenser microphones (Western Electric Type 640A) by the use 
of an electrostatic actuator. ® 

The measurement of cochlear potentials in this range also presents a problem, 
because the magnitude of these potentials is small in relation to the usual back- 
ground of physiologic noise. To solve this problem, a high-frequency wave 
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analyzer was designed and constructed and used as a selective voltmeter.‘ This 
instrument was valuable also in the measurement of the output of the condenser 
microphone in the high-frequency range where this microphone presents an un- 
favorable signal-to-noise ratio. 

The experiments were carried out mainly in young cats, though a few older ones 
were included for comparison. The anesthetic was diallylbarbituric acid and 
ethyl carbamate (Dial), in a dosage of 1 ce/kg of body weight. The recording 
electrode was a platinum foil on the round window membrane, with an indifferent 
electrode in the masseter muscle. 

Some of the results are given in Figure 1, represented as the sound Pressure 
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Fic. 1.—Equal-response curves for two cats, co enya the sound pressure, in decibels rela- 
tive to 1 dyne/sq em, required to produce a cochlear potential of 1 microvolt. 


required to produce a response of 1 microvolt. The solid curve represents the 
responses of a fairly old cat (4'/, years), whereas the dashed curve represents those 
of a young one (about 1 year). There is little difference in sensitivity in the lower 
range, up to 15,000 cycles, but a significant variation beyond. The older cat 
showed a decline in sensitivity that. became marked above 30,000 cycles and ceased 
to give any detectable responses above 70,000 cycles. The younger one, on the 
other hand, continued to show fairly uniform sensitivity up to 50,000 cycles, and 
only thereafter suffered a decline to a final value at 95,000 cycles, which was the 
highest frequency used. Most of the young animals gave curves like the dashed 
one shown here and usually extended to 100,000 cycles, which was the limit of the 
apparatus. 

The maximum amount of cochlear potential at the uppermost frequencies was 
small, often no more than 1 microvolt and sometimes less. Yet, within the range 
within which measurements could be made, the intensity functions for the high 
frequencies show the same form as for the low frequencies: the functions are 
linear over their main course and then bend as overloading enters for intense 
sounds. ; 

These relations may be seen in Figure 2. Here a special sort of plotting has been 
used to facilitate a comparison of the forms of the curves for the different frequen- 
cies. The abscissa represents sound pressure in decibels relative to 1 dyne/sq em 
for a tone of 1,000 cycles, and the curves for the other frequencies have been shifted 


— 
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along the abscissa until their a ik Mh Sco a A meme oe 
straight portions coincide with 
the 1,000-cycle curve. This 
procedure neglects variations 
in sensitivity and brings out 
especially the difference in 
level at which overloading oc- 
curs. 100 
There is a systematic decline 
in the maximums as the fre- 
quency is raised. Thus the 
observations extend those al- 
ready obtained for the ordi- 
nary range of tones, which have 
been interpreted as revealing 
the forms of displacement of 
the basilar membrane as a 
function of frequency and spe- 
cifically as indicating that the 
displacement curves grow con- 
tinually narrower and _ their 
peaks shift basalward as the 
frequency is raised.6 The 1 
present results are not suffi- 
cient to determine whether the 
displacement curves for these 
uppermost tones have a true 
maximum that shifts with fre- 
quency or whether merely the 
tail of the usual response curve 
exists at the extreme basal end ye — 0 r 720 ry 
and declines in magnitude as Seni eaten 
the frequency rises. : ode 
Those rovults show that, 20: 2+ Seis SiGeiiis <eaites ot ie as 
tones as high as 100,000 cycles _ pressure in decibels relative to 1 dyne/sq em for the 1,000- 


cat ey cycle tone. The functions for all the other tones have 
enter the cat’s ear and are car- been shifted along the abscissa so that their straight por- 


ried by its conductive mech- _ tions coincide with the 1,000-cycle function. 
anism to the sensory cells of 
the cochlea, where they produce electrical potentials. There is still a question 
whether these cochlear processes are able to affect the auditory nerve fibers and 
bring about a perception of the sounds. Of particular relevance to this question 
are the results of Neff and Hind, who used a training method and measured audi- 
tory thresholds in cats for tones over a wide range.6 They found a maximum of 
sensitivity around 8,000 cycles, good sensitivity as far as 50,000 cycles and an up- 
per limit at 60,000 cycles. The correspondence with the cochlear potential 
curves shown here is of interest, with only a difference in the upper limit attained. 
This difference can be explained in either of two ways. It may be that in the 
highest frequencies, those above 60,000 cycles, the level of cochlear activity is suf- 
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ficient to give measurable potentials but is not capable of exciting the auditory 
nerve endings. It is well known that the nerve fibers have excitatory thresholds, 
whereas none has been found for the cochlear potentials. 

A second possibility is that the cats studied by Neff and Hind would have 
responded to tones above 60,000 cycles if these tones had been available at higher 
intensities. The limit of their oscillator was 70,000 cycles, and so the higher tones 
were not tried. Also their sound source, which was a Western Electric 633A 
dynamic microphone, was probably less efficient in the high frequencies than the 
speaker that we employed in the present experiments. 

We are inclined to accept the second of these two explanations. Our reason is 
that the amount of cochlear potential observed at the highest frequencies, including 
100,000 cycles, seems fully adequate to excite the auditory nerve fibers. Thus in 
one of our sensitive animals a response of 1 microvolt was obtained at 100,000 
cycles at a sound pressure of 0.24 dynes/sq em. Certainly, for lower frequencies 
this amount of potential far exceeds that produced by a tone at the behavioral 
threshold. McGill’ made a comparison between behavioral thresholds in cats and 
the magnitude of cochlear potentials recorded from the round window. These 
potentials are below the level of practical measurement when the tones are presented 
at threshold intensities, but, by extrapolation, it appears that they have a fairly 
uniform value of about 0.006 microvolt for tones over the range of 500—10,000 
cycles. 

An extrapolation of the Neff and Hind curves to 100,000 cycles gives a value of 
about 0.5 dyne. From the above considerations we should expect that a 100,000 
cycle tone of this intensity, or somewhat less, would be audible to the cat. It is 
obvious, however, that further study is needed to decide this question. 

Summary.—Measurements of cochlear potentials in the cat have been extended 
to 100,000 cycles. For the uppermost frequencies the intensity functions have the 
same form as for ordinary tones, and the maximum values continue to decline, 
from 1,000 cycles onward, as the frequency is raised. Consideration is given to the 
question whether these uppermost frequencies affect the neural elements of the 
auditory system. 

* This investigation was supported in part by the Office of Naval Research, under Contract 
Nonr 1858(18), and by Higgins funds allotted to Princeton University. Permission is granted 
for reproduction and use by the United States government. 
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